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A MATHQIATICAL MODEL FOR THE 
DESIGN AND EVALUATION OF 
SCHISTOSCMIASIS CONTROL PROGRAMS
CHAPTER I 
INTRODUCTION
S dilstosoD ilasls i s  one o f  the w o rld 's  most Im portant 
d ise a se s . In  many ways I t  i s  the g re a te s t  unconquered p a ra s i t ic  
d isease  now a f f l i c t i n g  mankind, and i t  i s  in c reas in g  in  Importance 
in  underdeveloped a re a s  where people a re  a ttem pting  to  r a is e  th e ir  
le v e l o f  w e ll-be ing  by improvements in  a g r ic u ltu re , p a r t ic u la r ly ,  
in  A frica  and South America where newly constructed  i r r ig a t io n  
systems provide id e a l  breeding p laces  fo r  the in te rm ed ia te  sn a il  
h o s ts  o f the  p a ra s i te  (102). There a re  in creasin g  o p p o rtu n itie s  fo r 
the d isease  to spread throughout the world w ith the increased  move­
ments o f mankind acro ss  the globe. The d ise a se , a r a r i t y  ou tside  
endemic a reas u n t i l  a few years ago, has become widely known w ith 
sev era l thousands o f  cases being seen in  Europe and America each 
year (33). Ihe economic burden of sch isto som iasis  i s  d i f f i c u l t  to 
determ ine, bu t in  Egypt, Farooq (14) estim ated  the d isease  cost 
$560 m ill io n  annually . Although many attem pts have been made to
c o n tro l the d isease  (8, 15, 18, 37, 45, 71, 72), few have been e f ­
fe c t iv e , and sch isto som iasis  continues to  be an in c re as in g  burden 
fo r  mankind. Weir (102) s ta te s ,
. . . t h a t  i t  i s  the g re a te s t  unconquered d isease  a f f l i c t i n g  
man and anim als; th a t  i t  i s  'man made, ' re s u l tin g  from 
m an's own u n san ita ry  p r a c t ic e s . . .y e t  no e ffe c tiv e  program 
o f c o n tro l o f the d isease  nor any e f fe c t iv e  trea tm en t on 
a mass b a s is  fo r  human beings o r anim als has been developed 
anywhere in  die w orld.
A lthouÿi sch isto som iasis  has become of g en era l in te r e s t  in  
w estern  n a tio n s only re c e n tly , i t  has been recognized fo r  severa l 
thousand y ears . A d isease  w ith u r in a ry  symptoms, probably  haemato- 
b ia s i s ,  was described in  Egyptian papyrus (Ebers Papyrus) w ritin g s  
o f about 1500 B.C. (60, 102). Eggs o f the p a ra s i te  have been 
found in  mummies of the tw en tie th  dynasty (1250-1000 B.C.) in  Egypt. 
I t  has been suggested th a t  the d ec line  o f  the anc ien t Egyptians may 
have been due to  the  presence o f sch isto som iasis  and hookworms (60). 
Symptoms of the d isease  have been c le a r ly  described in  Babylonian 
in s c r ip t io n s  and l a t e r ,  in  l i t e r a tu r e  o f medieval p e rio d . Ihe 
Napoleonic army developed hem aturia during the Egyptian campaign, 
in d ic a tin g  the presence o f sch isto som iasis  in  man a t  th e  end of the 
18th cen tu ry  (60). The p a r a s i t ic  worm responsib le  fo r  the  d isease  
was f i r s t  id e n tif ie d  by B ilh a rz , in  1851 (44). The f u l l  exp lanation  
o f the complex l i f e  cycle  of the p a ra s i te  was dem onstrated by 
L eiper in  1915 (54). D if fe re n tia tio n  of separa te  spec ies  o f 
sch isto som iasis was made in  1903 by Manson (54). A pparently the 
d isease  was not known in  the  Americas u n t i l  i t  was in troduced by 
the slave trad e . Since then only Schistosoma mansoni has been
id e n t if ie d  in  the Western Hemisphere (60). During World War I I ,  
a t te n t io n  was drawn to  sch isto som iasis  due to  the incidence of 
cases among se rv ice  men in  the  P a c if ic  and to  the la rge  number of 
Puerto Ricans deferred  from m il i ta ry  se rv ice  because they were in ­
fec ted  w ith  the d isease  (7 6 ). Since then the Department o f Defense 
and the  N ational I n s t i tu t e s  o f Health have promoted the study of 
sch isto so m iasis . The World H ealth O rganization, since 1950, has 
taken an a c tiv e  p a r t  in  promoting knowledge and in  e s ta b lish in g  
sch isto som iasis  c o n tro l programs. Much o f th is  work, however, has 
con tribu ted  only to  the g en era l knowledge o f the organism, w ith few 
improvements in  m edical o r p u b lic  h e a lth  p ra c t ic e .  New i r r ig a t io n  
and a g r ic u l tu ra l  p ro je c ts , such as those in  Colombia and Ecuador, 
and an ex cep tio n a l world popu lation  growth o f fe r  o p p o rtu n itie s  fo r 
the  fu tu re  estab lishm ent o f the  p a ra s i te .
Schistosom iasis m an ifests  i t s e l f  p rim a rily  by an o v e ra ll  
d e te r io ra tio n  in  h u a lth . In  a reas  such as Egypt where d e ta ile d  su r­
veys have been undertaken, the  m o rta lity  r a te  due to  the p a ra s i te  
has been estim ated  to  vary  from one per 1,000 to  one percen t accord­
ing to  the  ra te  o f  in fe c tio n  in  the lo c a l i ty  (14). G enerally , how­
ever, in s tead  o f causing death  d ir e c t ly ,  sch isto som iasis  leads to  an 
asso c ia ted  m orta l d isease .
Schistosom iasis produces o b stru c tio n  of the b ladder neck 
and leads to  in fe c tio n  and b i l a t e r a l  re n a l d e s tru c tio n . The most 
se rio u s c l in i c a l  m an ife s ta tio n  of the d ise a se , however, i s  found 
in  the  l iv e r .  I t  i s  produced when eggs d r i f t  in to  the l iv e r  from 
the prim ary s i t e s  o f  in f e s ta t io n  (61). In  Egypt, the  chance o f  a
given case o f  c ir rh o s is  being  o f schistosom al o r ig in  has been 
found to  be g re a te r  than 70 percen t w ith h a l f  o f these  being caused 
by the p a r a s i t ic  In fe c tio n  a lone , and the  o th e r  h a lf  being couqill- 
cated  by n u t r i t io n a l  d e f ic ie n c ie s  o r  v i r a l  h e p a t i t i s  (9 ) . The In c i­
dence o f  b ladder cancer In  Egypt I s  19 p e rcen t o f a l l  cancer cases; 
83.1 percen t o f a l l  b ladder cancers In  Egypt have schistosom al 
b lad d ers; 6 .5  percen t o f  chronic schistosom al b ladders show m alig­
nan t changes (9 ) . The Incidence o f cancer o f  the b ladder asso c ia ted  
w ith sch isto som iasis  fo llow s the  same age p a tte rn  as sch isto so m iasis . 
The Incidence reaches a peak and then d ec lin es  w ith age; whereas 
the  Incidence o f cases o f  non-schlstosom al b ladder cancer s te a d ily  
In creases w ith age. Of p a tie n ts  w ith  sch is to so m iasis , o n e -th ird  
show pulmonary Involvement. P a tie n ts  w ith le s io n s  In  th e i r  lungs 
complain o f  easy fa tig u e , weakness, g id d in e ss , p a lp i ta t io n  and 
th o rac ic  p a in s . In  some In s ta n ce s , sch isto som iasis  has been found 
to  cause damage to  the b ra in  and nervous system. The m orb id ity  and 
m o r ta li ty  caused by the  d isease  exac ts  a g re a t t o l l  w ith in  a reas 
where I t  I s  e s ta b lish e d .
The a sso c ia tio n  o f sch isto som iasis  w ith w ater resources 
makes obvious the e f f e c t  I t  w il l  have on p lan s fo r  Increasing  food 
production throughout the  world. In  developing c o u n tr ie s . I t  I s  
p rim a rily  a ru ra l  d isease  a ffe c tin g  farm ers and farm production .
Many o f the p ro je c ts  under way fo r  Increasing  food production and 
ra is in g  economic le v e ls  c a l l  fo r  ex tensive  I r r ig a t io n  works. These 
networks w il l  Increase  the lik e lih o o d  o f the spread o f the  d isease  
across wide a re as . A g ric u ltu ra l p roduction  w i l l  be a ffe c te d  and
m edical co s ts  w i l l  r i s e .  In  the P h ilip p in e s , lo s s  to  the community 
re s u l tin g  from sch is to som iasis  Japonlcum has been estim ated  a t  
$1,350,000 from lo s t  wages fo r  125,000 a d u lts  w hile under trea tm en t. 
T o ta l d i r e c t  m edical c o s ts  p e r 100,000 were pu t a t  $5,282,500 (102, 
72). The d isease  no t only  reduces human p ro d u c tiv ity , bu t a lso  
causes s u b s ta n tia l  lo sse s  In  o ther h o sts  such as c a t t l e  and sheep. 
The economic lo ss  and decreased p ro d u c tiv ity  In d ica te  the need to  
e s ta b l is h  c o n tro ls  I f  p ro je c ts  to  Increase  food production  such as 
those being undertaken In  many p a r ts  o f the Middle E ast, A frica  and 
South America a re  to  be su ccess fu l.
Schistosom iasis has an almost u n iv e rsa l d is t r ib u t io n  
throughout co u n trie s  o f the Far E ast, Middle E as t, A frica , w estern  
South America and the Is la n d s  o f the Caribbean. In  the Far E a s t, 
sch isto som iasis  Japonlcum In fe s ts  the p opu la tions o f Japan, the 
P h ilip p in e s , Taiwan, China, the  Celebes and T hailand. A djoining 
co u n trie s  w il l  probably be found to  con ta in  fo c i o f in fe c tio n  when 
sp e c if ic  searches a re  undertaken. Throughout the E astern  M editer­
ranean and in  a l l  o f  the A frican  c o u n tr ie s , sch isto som iasis  hema- 
toblum may be found. Schistosom iasis mansoni I s  found th r o u ^  the 
Middle E ast, A frica  and In  many co u n trie s  o f  the  Americas. Par­
t ic u la r ly  Im portant to  the United S ta te s  I s  the  Incidence o f the 
d isease  In  Puerto Rico.
The to ta l  Incidence o f the d isease  I s  not acc u ra te ly  
known. The Incidence v a r ie s  from place to  p lace  across the  globe. 
U nfortunately , since the d isease  I s  no t g e n e ra lly  a k i l l i n g  d ise a se . 
I t s  1 1 1 -effec ts  a re  o ften  underestim ated . O ther d iseases  o f te n
appear on the death c e r t i f i c a t e ,  obscuring the In fec tio n  which 
causes a g radual d e te r io ra tio n  o f h e a lth . In  co u n tries  where the  
problem has been recognized, such as In  Egypt, surveys o f  the  popu­
la t io n  show th a t  e s s e n t ia l ly  100 p e rcen t o f the  popu lation  over two 
years o f age I s  In fec ted . Incidence r a te s  o f  70-80 p e rcen t a re  
common (9 ) . Levels o f In fe c tio n  s im ila r  to  those found in  Egypt 
have been noted In  the P h ilip p in es  and In  Japan. In  Puerto Rico, 
labora to ry  d a ta  and c l in ic a l  records In d ica te  th a t the p revalence 
o f sch isto som iasis probably has remained in  the range o f 10 to  20 
percent during most o f th is  cen tury  (20).
Weir (102), p o in ts  out th a t  In  r u r a l  popu lations o f  de­
veloping c o u n tr ie s , surveys have shown th a t  any Ind iv id u a l who Is  
old enough to walk to  the v i l la g e  w atering  spo t w ill  become In ­
fec ted . Incidence may e a s i ly  be underestim ated since the  presence 
o f eggs In  e x cre ta  I s  not determined com pletely by one exam ination, 
and In  remote a reas  I t  I s  d i f f i c u l t  to  conduct m u ltip le  exam inations. 
In  1948, the World Health O rganization of the  United N ations (102) 
estim ated th a t  over 150 m illio n  people were In fec ted . L a te r su r­
veys In d ica te  th a t  th is  estim ate  should be ra ise d  to  over 200 
m illio n . Schistosom iasis I s  second only to  m alaria  In  g lo b a l Im­
portance, and w ith the  constan t a tta c k  on m alaria  g rad u a lly  reduc­
ing I t s  Im portance, sch isto som iasis I s  becoming the major p a r a s i t ic  
d isease  fo r  which we have no so lu tio n .
CHAPTER I I
LITERATURE REVIEW
The term sch isto som iasis  In d ica te s  In fe c tio n  w ith  d ioecious 
trem atodes belonging to  the fam ily Schlstosom atoldea, genus S ch isto ­
soma (61). Three species. Schistosoma mansoni. Schistosoma haema­
tobium and Schistosoma japonlcum. a re  the  major species a f f l i c t i n g  
man, although In fec tio n s  from o th e r  species are  not unknown (54 ).
The n a tu ra l h is to ry  o f sch isto som iasis  I s  com plicated (16). 
Figure 1 I l lu s t r a t e s  the l i f e  cycle  o f the schistosome organism.
Adult schistosom es liv e  w ith in  abdominal v e in s ; hence they  have been 
termed blood flu k es . Schistosoma haematobium d ep o sits  I t s  eggs Inside  
the ve in s o f  the u rin a ry  b ladder and lower g u t. Schistosoma mansoni 
and Schistosoma japonlcum lay  eggs In  the In fe r io r  I n te s t in a l  t r a c t .  
The Schistosoma haematobium eggs escape w ith the  u rine  and fec es .
Eggs from the o th er two species escape In  s to o ls  from the In fec ted  
mammals. In  a  few days, the eggs ha tch , producing a f re e  swimming 
stage c a lle d  a m iracidium . The m lra c ld la  seek out and p e n e tra te  an 
appropria te  s n a i l  h o s t. W ithin the sn a il  the m lrac ld la  form mother 
c y s ts  which produce m u ltip le  g en era tio n s of the second f re e  swimming 
form ca lle d  a c e rc a r la  . The c e rc a rla e  p en e tra te  the sk in  o f  an
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Figure 1 -  Schistosome l i f e  cy c le .
appropriate mammalian h o st, migrate to the lungs and l iv e r , and a fter  
maturation, migrate to the abdominal ve in s. I f  mating occurs, o v l-  
p o sltlo n  begins and the cycle Is  repeated.
H airston  (28) has found th a t  a s ig n if ic a n t  p o rtio n  o f the 
d isease  I s  tra n a n ltte d  through the human p o p u la tion , bu t th a t  the 
d isease  I s  a lso  tran sm itted  through o th er mammals such as r a t s ,  dogs, 
p ig s  and monkeys. Movement of In fec ted  anim als accounts fo r  a s ig ­
n i f ic a n t  p o rtio n  o f the spread o f  the d isease .
In  the  ad u lt form loca ted  w ith in  the mammalian h o s t, the 
female moves In to  the  surrounding body t is s u e  approxim ately 12 tim es 
p e r day In  order to  deposit I t s  eggs (28). In  doing so I t  I s  o ften  
damaged o r  k i l le d .  Most necropsies reveal an excess of male organ­
ism s, bu t experim ental evidence shows th a t I n i t i a l  In fec tio n s  by 
the  male and female a re  approxim ately the same (28 ). Hie b iology 
o f  the egg stage I s  no t com pletely known, bu t ex ten siv e  s tu d ies  
have been c a rr ie d  out to  In v e s tig a te  the cond itions under which 
th e  eggs hatch  (55, 58, 62). Evidence In d ica te s  th a t  hatching  Is  
s e n s it iv e  to  s a l in i ty ,  tem perature and l ig h t ,  being more rap id  under 
co n d itio n s s im ila r  to  those occurlng during ra in y  seasons. I . e . ,  
coo l tem peratures, low lig h tin g  and fresh  w ater.
Once m lrac ld la  h a tch , they appear to  move about randomly 
u n t i l  they con tac t a p o te n t ia l  h o s t. I f  the  h o s t I s  a s n a i l ,  they 
p e n e tra te  I t s  s o f t  t is su e  a t  any p o in t. In side  the sn a il  the m ira­
cidium changes In to  a stage c a lle d  a mother c y s t .  In  30 to  45 days 
th e  In fec ted  s n a i ls  begin  to  re le a se  c e rca rlae  (88 ). I t  I s  theo­
r e t i c a l l y  p o ss ib le  fo r  one m lrac ld lua  to  r e s u l t  In  the production
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o f over 300,000 c e rc a r la e . There i s  some disagreem ent whether i t  
i s  p o ss ib le  fo r  a s n a i l  under n a tu ra l  cond itions to  rece ive  more 
than  one in fe c tio n  (32, 20, 57) ; however, in  most cases m u ltip le  
in fe c tio n s  are  probably r a r e .  In  Puerto  Rico where in fe c tio n  r a te s  
in  the human popu la tion  a re  thought to  be between 15 and 30 p e rc en t, 
the  in f e c t im  ra te  in  the  s n a il  p o p u la tion , i f  one assumes only one 
in fe c tio n  per s n a i l ,  i s  thought to  be from 10 to  20 percen t (20 ).
Conditions a sso c ia ted  w ith the escape o f c e rc a rla e  from 
th e  mollusfcan h o st have been e x te n s iv e ly  stud ied  (57, 84, 88, 93).
The larvae  emerge from the sn a il  h o s t during the la te  morning and 
e a r ly  afternoon . The peak production  appears to  occur approxim ately 
a t  noon, w ith emergence being g re a tly  reduced when s n a ils  a re  k ep t 
from l iÿ k t ,  o r in  w ater th a t i s  e i th e r  too cold o r too  warm. Free 
swimming c e rca rlae  appear to  concen tra te  a t  the su rface  o f  the w ater. 
A gg ita tion  of the w ater, as when i t  i s  d is tu rb ed  by an animal moving 
through i t ,  causes an in crease  in  the a c t iv i ty  o f  the c e rca rlae  
and in c reases the r i s k  o f  in fe c tio n  (89 ). The c e rc a rla e  a c t iv i ty ,  
however, does no t appear to  be d ire c te d  and c o n tac t w ith the appro­
p r ia te  h o st appears to  occur randomly (79, 80). C ercarlae  have 
demonstrated the rem arkable a b i l i ty  to  p e n e tra te  m a te r ia ls  such as 
wet sand columns, concrete  pipe and c lo th in g . P ro te c tiv e  sa lves 
o f fe r  some p ro te c tio n  to  p e n e tra tio n  and a re  reconmended whenever 
i t  i s  necessary  to  co n tac t in fec ted  w aters (20 ). C ercarlae do no t 
to le r a te  s a l t  w ater; consequently th e re  i s  no problem in  s a l t  w ater 
lagoons or can a ls . In  the a reas where fre sh  and s a l t  w aters mix, 
however, the c e rc a rla e  can survive long enough to  p e n e tra te  the  sk in .
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C ercarlae  p e n e tra te  the  sk in  w ith a combined m echanical and chem ical 
a c tio n  (9 ). Once the  body has been p e n e tra ted , the c e rca rlae  m igrate  
through the lungs and ev en tu a lly  reach the  p o r ta l  v e in s  idiere they 
m ature, mate and produce more eggs.
The h o s t s n a i l  has been the su b je c t o f much In v e s tig a tio n . 
In  most reg ions Where the  d isease  e x i s t s ,  more than one species o f 
s n a i l  have been found which could accep t the  d isease  under lab o ra ­
to ry  con d itio n s. In  the  n a tu ra l c o n d itio n , however. In fe c tio n  
appears to  be r e s t r i c te d  to  only a sm all number o f species o f 
p o ss ib le  h o s ts . For exasq>le. In  Puerto Rico, only B lophalarla  
g la b ra ta  has been found In fec ted  In  n a tu re , bu t under lab o ra to ry  
circum stances ( In  descending o rder o f  frequency o f p e n e tra tio n ) , 
Blomnhalarla o b stru e tu s .  Blontphalarla g la b ra ta . Blomphalarla r l l s e l .  
Blomphalarla a lb ic a n s . Aplexa marmorata. P leslophysa hubendlckl 
and Drepanotrema accept m lra c ld la e , and Blomphalarla
r l l s e l  and Blomphalarla a lb ican s have been observed to  become In ­
fec ted  and to  shed c e rc a rla e  (21, 83).
A g re a t v a r ie ty  o f u se fu l resea rch  has been performed In  
d e ta ile d  fash ion  on the  ecology o f  the  v e c to r s n a il  (29, 31, 74,
80, 84, 91). The l i f e  cycle  o f Blomphalarla g la b ra ta  I s  ty p ic a l  and 
may be used to I l l u s t r a t e  the h is to ry  o f  s n a il  popu lations In o th e r  
reg ions . The eggs o f  Blomphalarla g la b ra ta  are  deposited  In  f l a t  
masses on o b jec ts  such as v e g e ta tio n , rocks, o ther s n a i ls ,  toads o r 
o th er anim als. The s n a i l  produces an average o f 11-28 eggs per 
c lu tch  and from one to  two c lu tches p e r day. The Incubation  period  
befo re  the eggs hatch  I s  about e ig h t days. The time from hatch ing
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to  egg-lay ing  re q u ire s  only about 21 days and may beg in  when the 
s n a i l  I s  only about e ig h t m illim e te rs  In  diam eter, th u s , the  egg- 
to -egg  cycle re q u ire s  only about one month (86). S n a ils  a t t a in  a 
diam eter o f about 18 m illim e te rs  In  th e  f i r s t  year and req u ire  about 
two years to  reach th e i r  maximum diam eter o f 30 to  33 m illim e te rs  
(32).
A v a r ie ty  o f organic m a te r ia ls  serve as food fo r  the  
s n a i ls .  They appear to  p re fe r  decomposed to  fresh  m a te r ia ls  and 
seem to  th riv e  on r o t t in g  v e g e ta tio n . Blomphalarla does no t demon­
s t r a te  p reference  fo r  sp e c if ic  aq u a tic  p la n ts (29).
I f  Blomphalarla I s  e rra d lc a te d  from a h a b i ta t  by chemical 
trea tm ent or by stream  flooding and I f  a few s n a ils  a re  rep laced  by 
flood ing  o r by o th e r means, rep o p u la tio n  I s  ra p id , and in  about 90 
days the  colony w i l l  have retu rned  to  I t s  normal s iz e  (32 ). I t  I s  
ra re  to  fin d  a m ixture o f s iz e s  o f  s n a i ls  In  a h a b i ta t ;  y e t ,  co lon ies 
con ta in ing  only sm all s n a i ls  a re  r a r e .  C olonization appears to  be 
c y c l ic a l  w ith no apparent s ta b i l iz a t io n .  The find ing  o f only la rge  
s n a i ls  and few o r no egg masses u su a lly  In d ica te s  the term inal de­
c lin e  o f a colony (32 ). I t  has been found th a t  crowding a f f e c ts  
c o lo n iza tio n  by lowering the s n a i ls ' egg-laying cap a c ity .
Blomphalarla I s  known to  be d ispersed  by tra n sp o rt  from 
the normal moveaient o f  I t s  aquatic  environment (31). D ispersion  
a lso  occurs from tra n sp o rt  by o th er anim ais (32). Eggs have been 
observed a ttached  to  the skins o f toads and to  the su rface  o f la rge  
w ater b e e tle s . The most Im portant f a c to r ,  however. In  the  r e ­
estab lishm ent o f  dep le ted  co lon ies I s  probably the attachm ent o f
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young s n a i ls  to  the legs o f b ird s  and the f e e t  o f c a t t l e  (32).
Blomphalarla has been observed to  survive fo r severa l 
weeks \dien burled  In  stream slde mud, and labo ra to ry  s tu d ie s  show 
th a t  I t  may survive b u r ia l  under s o i l  and p lan t d eb ris  fo r  four 
months; thus, a p o rtio n  o f a s n a i l  colony can probably endure any 
sho rt-term  droughts. In  regard to  n a tu ra l  enemies, Blomphalarla I s  
re a d ily  ea ten  by some species o f f i s h ,  Lepomls Mlcrolophus and 
Lepomls a u r l tu s . I t  may be a ffe c te d  by worm p a ra s i te s ,  protozoa o r 
b a c te r ia ,  and I t  I s  commonly ea ten  by r a t s ,  which ap p aren tly  f ish  
them ou t o f shallow o r receding w ater. Blomphalarla may occur In  
a sso c ia tio n  w ith a v a r ie ty  o f o ther s n a i ls  w ithout apparent 111 
e f f e c ts .  However, I t  has been demonstrated th a t  I t  very  r a re ly  sur­
v ives In  a sso c ia tio n  w ith M arisa c o m u a r le t ls .  a p red a to r sn a il  which 
may be used fo r  b io lo g ic a l c o n tro l (29, 30, 31, 32, 74, 75, 80, 87).
Location, number, s ize  and type o f bodies o f w ater d e te r­
mine the  presence and popu lation  In te n s ity  o f  s n a il  c o lo n iza tio n . 
I r r ig a t io n  channels become Id ea l h a b ita ts  depending upon s t a b i l i ty  
of flows and amounts o f submersed v eg e ta tio n  serv ing  as food and 
p ro te c tio n . Stream g rad ien ts  above about 2 percen t appear to  be 
harm ful In  the development o f s ig n if ic a n t  populations (75 ); however, 
s t i l l  bod ies o f w ater such as ponds o r swanqps w ill  support the 
v ec to r s n a i l .
The sn a il  I s  d i f f i c u l t  to  c o n tro l because: 1) I t  I s  adapted 
to  a g re a t v a r ie ty  of freshw ater environm ents; 2) I t  may be tra n s ­
ported to  new s i t e s  of a c tio n  by c u rre n ts  o r stream s o r by attachm ent 
to  anim als; 3) time requ ired  fo r  reestab lishm ent o f a s n a i l  colony
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I s  sh o rt (probably about one m onth); 4) young s n a i ls  o f  sm all 
d iam eter (2 to  3 m illim e te rs)  and o ld e r s n a i ls  o f la rg e r  s ize  can 
become In fe c te d ; 5) s n a i l  In fe c tio n s  mature ra p id ly ; 6) only a low 
percentage o f In fec ted  s n a i ls  In  a colony a sso c ia ted  w ith  human h ab i­
ta t io n  a re  necessary  to  m ain ta in  the  d ise a se ; and 7) even In  drought 
c o n d itio n s , the  s n a il  can survive fo r  sev era l weeks.
The d ise ase , sch is to so m iasis . I s  so complex th a t  I t  I s  
d i f f i c u l t  to  p re d ic t  the  consequences o f proposed c o n tro l programs.
One method used In  o th e r  a re a s  Involving complex p rocesses I s  the 
use o f m athem atical m odels. The a p p lic a tio n  of m athem atical modeling 
techniques to  the development o f  co n tro l programs fo r  sch istosom iasis 
has been r e la t iv e ly  scarce  u n t i l  rec en t tim es. Most work has been 
done In  a ttem pts to  d esc rib e  the d isease  p rocess In  g ro ss s t a t i s t i ­
c a l term s (27, 52). T his lack  of d e ta ile d  m athem atical d e sc rip tio n  
has been due la rg e ly  to  the  complex n a tu re  o f  the d is e a s e 's  n a tu ra l 
h is to ry . There I s  s t i l l  much about sch isto som iasis  which Is  no t 
c le a r ly  understood, b u t a d isease  model I s  ab le  to  p o in t to  a reas 
where our understanding I s  p a r t ic u la r ly  lack ing  and where a d d itio n a l 
resea rch  needs to  be done In  order to  c la r i f y  obscure d e ta i l s  (1 , 17).
In  g en era l, models of p hysica l p rocesses proceed from 
models based on minimal understanding o f the  d e ta ile d  d e sc rip tio n s  
o f fundamental ac tio n s  w ith in  complex system s. H airs ton  (27, 28) 
has developed a model based upon a c tu a r ia l  methods which describes 
sch isto som iasis  in  terms o f  p r o b a b i l i t ie s  and average c h a ra c te r is t ic s .  
The model has been app lied  to  two popu lations o f Schistosoma 
japonlcum In  the P h ilip p in e s  (72). The model comes c lo se  to
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d escrib in g  the  popu la tions stud ied  and p o in ts  ou t th a t th ere  I s  a 
d iscrepancy  In the l i t e r a t u r e  accounts o f  sch isto som iasis  which may 
p o ss ib ly  be a t t r ib u te d  to  lack  o f Inform ation  about the c o n tr ib u tio n  
o f o th er mammalian h o s ts  such as r a t s ,  dogs, liv e s to c k , e t c . ,  to  the 
epidemiology o f the  d ise a se . H a irs to n 's  conclusions (27, 28) have 
been confirmed by a re c e n t study In which r a t s  were discovered to  
continue transm ission  o f  the  p a ra s i te  Independently  o f  the human 
popu la tion  (72). This I l lu s t r a t i o n  o f  the  p red ic tiv e  c a p a b il i t ie s  
o f d isease  modeling techniques p o in ts  ou t th e i r  value as a to o l in  
a tta c k in g  o th er environm ental h e a lth  problem s.
H a irs to n 's  model, w hile q u ite  u s e fu l , considered only gross 
a sp ec ts  o f sc h is to so m iasis . His model was based upon r e la t iv e  
frequencies o f In fe c tio n , average death r a te s  and gross e stim ates  o f 
p ro b a b i l i t ie s .  I t  Ignored the more d e ta ile d  so lu tio n  o f the problem 
In  dynamic terms and concerned I t s e l f  w ith  only a broad s t a t i s t i c a l  
In te rp re ta t io n . Another model o f th is  same n a tu re  bu t considering  
more d e ta i l  has been proposed by MacDonald (52) in  which the author 
considered the b isex u a l n a tu re  o f the  p a ra s i te  In  order to  develop a 
d e sc r ip tiv e  p ro b a b i l is t ic  model. The model was p a r t ic u la r ly  appro­
p r ia te  In  populations w ith  low le v e ls  o f  p a ra s i te  prevalence bu t was 
d i f f i c u l t  to  apply under cond itions o f  h igh  prevalence where In fe c tio n  
la  w idespread. The model poin ted  out q u a l i ta t iv e ly  th a t ,  under the 
assum ption th e re  I s  on ly  one host p o p u la tion . I f  the t o t a l  number of 
p a ra s i te s  drops below a c e r ta in  n a tu ra l "break  p o in t,"  the  d isease  
becomes lim ited  and goes to  e x tin c tio n  w ithout fu r th e r  c o n tro l. The 
problem o f  reducing the p a ra s i te  popu la tion  to  a p o in t below the
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n a tu ra l break p o in t s t i l l  rem ains. To d a te  a c tu a l programs have had 
l i t t l e  success in  th is  undertaking  and MacDonald's model has no t y e t 
been adequately  v e r i f ie d .  Assuming i t  i s  c o r r e c t ,  however, one i s  
encouraged to  seek programs which w i l l  reduce sch isto som iasis  below 
the p o in t a t  which the d isease  i s  ab le  to  su s ta in  i t s e l f .
Coffman and Warren (25) have developed a dynamical rep re ­
sen ta tio n  o f epidemic cond itions fo r  sch is to som iasis  based upon the 
c la s s ic  Kermack-McKendrick (47) model o f epidemic p rocesses . The 
model attem pted to  d esc rib e  the d isease  under cond itions found in  
epidemic a re a s . The Coffman and Warren (25) model concen tra ted  upon 
the  s n a i l  as the most s ig n if ic a n t  fa c to r  in  the co n tro l o f the  p ara ­
s i t e .  U nfortunately  the conclusions reached have not been v e r i f ie d ;  
indeed s ig n if ic a n t  evidence i s  a v a ila b le  (9 , 11, 45, 72) to  re fu te  
the adequacy o f s n a i l  c o n tro l as a means o f  c o n tro llin g  sc h is to so ­
m iasis . The function  o f the model was p r im a rily  to  suggest i n t e r ­
re la t io n s  worthy o f a d d itio n a l resea rch .
Models o f sch isto som iasis  have been proposed and have 
a s s is te d  in  d ire c tin g  a t te n t io n  to  a re as  where a d d itio n a l resea rch  
has been d e s ira b le . Each model, as c h a r a c te r is t ic  o f a l l  models, has 
been inadequate in  many re sp e c ts . One a rea  where a d d itio n a l e f f o r t  
seems to  be J u s t i f ie d  i s  in  the study o f  dynamic d e sc rip tio n s  of 
populations with higjh, endemic ra te s  o f p revalence. This i s  the 
cond ition  th a t  has been found most commonly in  those p a r ts  o f  the 
world where sch isto som iasis  i s  p resen t. I f  an adequate c o n tro l pro­
gram can be developed fo r  these  a re a s , one th a t  w i l l  c a rry  the
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d isease  r a te s  below a c e r ta in  n a tu ra l "b reak  p o in t,"  i t  may be 
p o ss ib le  to  e ra d ic a te  the d isease  com pletely from in fec ted  popula­
t io n s .
CHAPTER I I I
PURPOSE AND SCOPE
Schistosom iasis has been one o f the most c o s tly  d ise a ses  
a f f l i c t in g  mankind both in  term s of a c tu a l economic lo ss  and in  
terms o f human w aste. C ontrol programs have been attem pted b u t few 
i f  any have succeeded in  e lim in a tin g  the problem. This lack  o f 
successfu l c o n tro l has a r is e n  from the complex n a tu re  o f th e  d isease  
and i t s  in te ra c t io n s  w ith i t s  h o s t popu la tions. The su ccessfu l de­
sign o f c o n tro l programs must involve an a n a ly s is  o f the  con^ lica ted  
in te ra c tio n s  o f  in fec ted  and u n in fec ted  popu lations o f humans, sn a ils  
and a l te rn a te  mammalian h o s ts  such as c a t t l e ,  roden ts o r monkeys. 
Models have been developed to  p re d ic t  the course o f  the d isease  in  
small popu lations w ith low r a te s  o f in fe c tio n . U nfortunate ly , the 
l i t e r a tu r e  con ta in s few a ttem p ts a t  developing models fo r the p re ­
d ic tio n  o f  the course o f the  d isease  in  popu lations w ith h iÿ i  
endemic r a te s  o f  in fe c tio n  and no reference  has been found to  models 
which consider economic a sp ec ts  o f a l te rn a te  c o n tro l programs.
This study was performed in  an attem pt to  develop a mathe­
m atica l model o f the d ise a se , sch isto so m iasis , which would provide 
a to o l fo r  the  program designers o f fu tu re  sch isto som iasis  c o n tro l 
programs by providing more adequate knowledge o f  the consequences
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of a l te rn a t iv e  programs. The model Includes p ro v is io n  fo r  d esc rib in g  
d if f e r e n t  i n i t i a l  popu lation  cond itions and v a rio u s  c o n tro l programs 
imposed upon s p e c if ic  cond itions o f in fe c tio n  and t r a n s i t io n  among 
popu lations o f in fe c te d  and u n in fec ted  humans, m ollusks and o th e r  
mammalian h o s ts . A simple comparison of program c o s ts  was developed 
and included in  the  model to  a llow  comparison among a lte rn a te  p ro ­
grams. An a ttem pt was made to  v a lid a te  the model to  assure th a t  
r e s u l ts  obtained  from i t  m ig^t be accepted as adequate rep re se n ta ­
tio n s  o f a c tu a l  programs under f ie ld  con d itio n s. The model was 
used to  d escribe  " l ik e ly "  c o n tro l programs in  o rd e r to  i l l u s t r a t e  
i t s  use and to  provide guidance to  those who may attem pt to  c o n tro l 
the  d isease  in  the  fu tu re . The model was developed in  a manner to  
allow  genera l a p p l ic a b i l i ty  and to  be f le x ib le  enough to  inco rpo ra te  
fu tu re  advances.
CHAPTER IV
DEVELOPMENT OF THE DISEASE MODEL
Schistosom iasis was observed to  be a complex, c y c lic a l  
d isease  involving two d i f f e r e n t  c a teg o rie s  o f h o s t (molluskan, 
mammalian), a t  l e a s t  f iv e  d i f f e r e n t  phases in  the development o f  the 
p a ra s i te  i t s e l f  (egg, m iracidium , mother spore , c e rc a r ia  , a d u lt)  
and two d if fe re n t  p e rio d s  o f  rep roduction  (w ith in  the mammal and 
w ith in  the s n a i l ) .  Indeed, so com plicated i s  sch isto som iasis  th a t  
models o f only c e r ta in  a sp ec ts  o f  the d isease  such as the b isex u a l 
rep roductive  period  or th e  s n a i l  popu la tion , have been developed 
(40, 52). Any adequate model o f the d isease  as a whole had to  con­
s id e r  each aspect o f i t s  n a tu ra l  h is to ry . This n e c e ss ity  hm nediately 
in troduced e rro r  in to  the  model s ince  i t  was im possible to  consider 
a l l  o f  the in te ra c tio n s  o f  the  a c tu a l  p rocess . Much of the in h eren t 
e r ro r  in  the model was a n tic ip a te d  however, and w ith  c a re fu lly  chosen 
assum ptions a working model was developed.
Weir (102) po in ted  ou t th a t  in  those lo c a l i t i e s  where 
sch isto som iasis  was found endem ically , e s s e n t ia l ly  1 0 0  pe rcen t o f 
th e  population  was in fe c te d . MacDonald (52) developed a model which 
po in ted  out th a t  below a n a tu ra l  "break p o in t"  the b isex u al p a ra s i te  
would undergo e ra d ic a tio n  w ith e s s e n t ia l ly  no c o n tro l necessary .
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The l i t e r a tu r e  repo rted  few modeling attem pts co n cen tra tin g  on the 
d e sc r ip tio n  and the development o f c o n tro l programs fo r  a reas of 
endemic, high In fe c tio n , Such c o n tro l programs, by reducing the 
h igh  ra te s  o f p revalence,cou ld  be expected to  d riv e  th e  d isease  to  
th e  p o in t, p red ic ted  by MacDonald, where n a tu ra l e x tin c tio n  would 
take  p lace .
In  small popu lations w ith low ra te s  o f In fe c tio n , I t  has 
o f te n  been Im possible to  develop dynamical models based upon uniform 
In te ra c tio n s ;  In stead  s to c h a s tic  models and s im u la tions have been 
necessary . By r e s t r i c t in g  the model w ith the assum ption th a t  the 
popu la tions considered a re  large  w ith h igh , uniform  re a c tio n  r a te s .
I t  was possib le  to  develop a dynamical In te rp re ta t io n  o f the d ise a se . 
C onditions which led  to  d isease  red u c tio n , w ith a sso c ia ted  red u c tio n s 
In  p a ra s i te  popu lations and popu lation  In te ra c tio n s  caused the model 
to  cease to  s a t is fy  th is  b a s ic  assum ption; however, as th i s  occurred , 
MacDonald (52) p red ic ted  e ra d ic a tio n  would occur.
The human population  was divided In to  fou r ca teg o rie s  In  
r e la t io n  to  the d ise a se . These were:
1) P^, Unexposed and un in fec ted ,
2) Pg, Exposed and u n in fec ted ,
3) Pg, Exposed and In fec ted ,
4) P^, Unexposed and In fec ted .
Ihe population  c a te g o rie s  as defined  were found to  describe  g ro ss ly  
the population  breakdown by age group In  endemic a re a s ;  thus, new­
borns and the very  young were found to  make up a considerab le  p o rtio n  
o f population  P^, c h ild ren  of school age appeared to  be a s ig n if ic a n t
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p a r t  o f  population  and P^, and a d u lts  c o n s titu ted  a major p o rtio n  
o f  popu lation  P^ (14, 34), This breakdown by age was c e r ta in ly  no t 
exac t b u t appeared to  be c lo se  enough th a t  a d e ta ile d  c ro ss  c l a s s i f i ­
c a tio n  o f  the  human popu lation  by age group did not appear to  be 
j u s t i f i e d .
The s n a i l  popu lation  was divided In to  two c la sse s :
1) pg. Exposed bu t u n in fec ted ,
2) Py, Exposed and In fec ted .
I t  was assumed th a t  a l l  s n a ils  were exposed since co n tac t w ith bodies 
o f  w ater con ta in ing  m lrac ld la  c o n s titu te d  exposure.
The p o p u la tio n  o f m lrac ld la  has been designated as P^, and 
the  popu lation  of c e rc a r la e  as Pg. Both of these populations were 
considered as co n cen tra tio n s ra th e r  than as abso lu te  numbers of 
organisms.
The p o pu la tion  of anim ais o th er than humans th a t  c a rried  
the  a d u lt schistosome was divided In to  two c a teg o rie s  as follow s:
1) Pg, Animals exposed b u t un in fec ted ,
2) P^g, Animals exposed and In fec ted .
As In  the case o f  the  s n a i l  popu lation . I t  was assumed th a t each 
member o f the su sce p tib le  animal popu lation  was exposed bu t no t 
n e c e ssa r ily  In fe c te d . I f  the su scep tib le  animal popu lation  were 
uncon tro lled  w ith f re e  access to sources of In fe c tio n , then th is  
assumption would approximate the n a tu ra l  cond ition . This would be 
the  case w ith a la rg e  population  o f roden ts In  the environment.
I f  the su scep tib le  anim al population  were co n tro lled  w ith lim ited  
access to  sources o f In fe c tio n , then the assumption o f u n iv ersa l
23
exposure would no t be t ru e . In  th is  case , however, the  assumption 
would lead  to  a "w orst ca se ,"  I . e . ,  a case as d i f f i c u l t  o r  more 
d i f f i c u l t  to  c o n tro l than  the w orst n a tu ra l cond ition . I f  a co n tro l 
program could be developed to  c o n tro l the d isease  In  I t s  w orst case. 
I t  would n e c e ssa r ily  be able  to  c o n tro l the d isease  fo r  any case .
I f  Indeed the su scep tib le  animal popu lation  were no t u n iv e rs a lly  
exposed, populations Pg and were in te rp re te d  to  be those members 
o f the su scep tib le  popu lation  th a t  were exposed and I t  was assumed 
th a t  there  was a very  low r a te  o f t r a n s i t io n  between the  exposed and 
the unexposed p o pu la tions. Such a s i tu a t io n  would e x is t  I f ,  fo r  
exaaq>le, c a t t l e  might be considered to  be a s ig n if ic a n t  p o rtio n  of 
the su scep tib le  animal population . Peslgan, e t  a l . .  (72) however 
In  a study In the P h ilip p in es  discovered th a t  r a t s  c o n s titu te d  a 
major p o rtio n  o f su scep tib le  anim als In  the transm ission  o f the 
d isease  and th a t  they had r e la t iv e ly  h l ^  ra te s  o f exposure.
Having defined  the popu lations and subpopulatlons of In te r ­
e s t ,  the In te ra c tio n s  o f these  populations among one ano ther were 
considered (see Figure 2 ). The s e t  o f d i f f e r e n t ia l  equations de­
veloped to  model the  a c tu a l population  In te ra c tio n s  a re  as follow s; 
dPl
IT  - Fl(Pl +^2+ ^3 + V  - V l  - F3P1
+ FgPg + FgPg + ^1 2 ^4 *
dP, F<P?P.
« dT - V i  - V 2 - - - D +
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dP F p2p
dF” “  D ^7^3 ‘ *8^3 " ^9^3 " ^10^3
+ F1 3 P4 ,
dt^ “ ^10*3 ■ ^11^4 ■ ^12*4 '  ^13^4»
5> ^  “  ^ 4 ^ 3  + V 4  + ^ 6 ^ 0  -  %
“ ^19*6'
dPg
d t “  ^ 1 7 ( ^ 6  '"' ^7^ '  ^18^6 " ^19^6^5*
dPy
d t “  ^19^6^5 ■ ^20*7'
dPg
8> d T  “ ^21^  -  ^5(^2 + V  ■ ^24(^9 + ^10>
’  ^27^8'
*^ Pq ^24^9^8
9) ^  -  Fgg(Pg + P^o) - F23F9 D »
10)
where. P 's ,  rep re se n t popu lation  groupings, 
d t ,  denotes Increm ental tim e,
F^, I s  the  human b i r th  r a te  c o e f f ic ie n t ,
Fg, F^, Fy and F^^ a re  death  ra te  c o e f f ic ie n ts  fo r the
human p o pu la tions, P^, P^, P^ and P^ re sp e c tiv e ly .
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F .,  I s  the r a te  c o e f f ic ie n t  fo r  humans moving from
Pi to Pg,
Fg, i s  the r a te  c o e f f ic ie n t  fo r  humans moving from
? 2  to  P j .
F_ and F a re  th e  r a te  c o e f f ic ie n ts  o f cu res tak in g  p laceo 1 2
in  in fec ted  popu la tions Pg and P^,
F . ,  i s  the r a te  c o e f f ic ie n t  fo r  infecti<m  o f  u n in fec ted ,
D
exposed humans, i . e . ,  fo r  t r a n s i t io n  from Pg to  Pg,
Fg, i s  the r a te  c o e f f ic ie n t  fo r  t r a n s i t io n  from Pg to  Pg, 
F ig , i s  the r a te  c o e f f ic ie n t  fo r  t r a n s i t io n  from Pg to  P^, 
F ig , i s  the  r a te  c o e f f ic ie n t  fo r  t r a n s i t io n  from P^ to  Pg, 
F i^ , Fig and F i^  a re  the  r a te  c o e f f ic ie n ts  fo r  production 
o f m irac id ia  from in fec te d  h o s t popu la tions Pg, P^
and P ig ,
F _ ,, i s  the death ra te  c o e f f ic ie n t  fo r the  m irac id ia  Zo
popu lation .
F ig , i s  the r a te  c o e f f ic ie n t  fo r  in fe c tio n  o f un in fec ted  
s n a i ls ,  i . e . ,  fo r  t r a n s i t io n s  from P^ to  P^,
26
i s  the s n a i l  b i r th  r a te  c o e f f ic ie n t .
P^g and PgQ, a re  the s n a il  popu lation  death r a t e s .
i s  the r a te  c o e f f ic ie n t  fo r  production  o f  c e rc a r ia e .
F . , ,  i s  the rate c o e ffic ien t for in fection  of the alternate  24»
h o st popu lation ,
Fgy, i s  the c e rca riae  death r a te  c o e f f ic ie n t .
Fgg* i s  the a l te rn a te  h o st b i r th  r a te  c o e f f ic ie n t .
Fgg and F^^» a re  death ra te  c o e f f ic ie n ts  fo r  the  a l te rn a te
h o s t, and
D = ? 2  + Pg + Fg f  i s  the  exposed p opu la tion  of
p o te n t ia l  h o s ts  capable o f removing c e rc a r ia e  from Pg.
The u n its  o f each of the terms a re  given as fo llow s:
1 ) Pj ,^ Pg, Pg and P^ as numbers o f  people ,
2 ) Pg as the number o f m irac id ia  p e r u n i t  volume o f  w ater,
3) Pg as the number of c e rca riae  per u n i t  volume o f  w ater,
4) Pg and P^ a s  numbers of s n a i ls .
5) Pg and P^g as numbers o f a l te rn a te  h o s ts .
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6 ) F j ,  Fg, F^, Fg, Fy, Fg, Fg, Fio* F^^, F^^* a»d ^ 1 3
as numbers o f  people per person  per u n it  tim e,
7 ) F^^ and F ^  as m lrac ld la  p e r person per u n i t  tim e.
8 ) F^g as m lrac ld la  p e r a l te rn a te  h o st per u n i t  tim e.
9) Fgg as m lra c ld la  pe r m iracidium  per u n it  tim e.
1 0 ) F^y, F^g, and F^g as numbers o f sn a ils  per s n a i l  per
u n i t  tim e.
1 1 ) Fg^ as c e rc a r ia e  per sn a il  p e r u n i t  time.
1 2 ) Fgy as c e rc a r ia e  per c e rc a r ia  per u n i t  tim e,
13) Fgg, Fgg, and F^g as numbers o f a lte rn a te  h o s t per
a lte rn a te  h o s t per u n it  tim e,
14) Fg as number o f  people per cerca rlae -p erso n  p e r u n i t
tim e,
15) F^g as number o f  s n a i ls  pe r m lra c ld la -sn a ll  p e r u n it
tim e,
16) Fg^ as number o f a lte rn a te  h o s ts  per c e rc a r la e -a lte rn a te
h o st per u n i t  tim e.
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Figure 2 -  Schistosom iasis model.
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B irth s  and deaths were considered to  be p ro p o rtio n a te  to  
popu lation  s iz e . This assum ption was not s t r i c t l y  tru e  bu t was 
assumed accu ra te  fo r  steady s ta te  popu la tions. B irth s  in  each popu­
la t io n  group (human, sn a il  and a l te rn a te  h o st) were allowed to  e n te r 
only the  un in fec ted  p o pu la tions. Deaths were allowed in  each popula­
tio n  p ro p o rtio n a te  to  the p opu la tion  s iz e . In  the human popu lation  
t ra n s fe r  from unexposed to  exposed was assumed p ro p o rtio n a te  to  the 
s ize  o f  th e  unes^^sed popu la tion . S im ila rly  t r a n s fe r  from the  ex­
posed to  the  unexposed p o pu la tion  was taken as p ro p o rtio n a te  to  the 
s ize  o f  the  exposed popu la tion . The ra te  o f  cure in  the uncon tro lled  
s ta te  was considered to  vary  as the s iz e  o f  the in fec ted  popu la tion . 
This assum ption might not be tru e  w ith co n tro l programs in  e f f e c t ,  
bu t in  the  endemic s ta te  th is  assumption appeared v a l id .  I t  was 
assumed th a t  no cures took p lace  in  the sn a il  and animal popu la tions. 
This may be seen to  be c o rre c t  approxim ately since n e ith e r  the sn a il  
nor the r a t  (presumed to  be th e  most s ig n if ic a n t  h o st animal o ther 
than human beings) have long life tim e s  in  re la t io n  to  the d isease . 
This assum ption led  to  a w orst case r e s t r i c t io n  and was accepted as 
having no adverse e f f e c t  on the  model. T ransfer from the un in fected  
to  In fec ted  popu lations in  both  the human and r a t  popu lations was 
presumed to  be p ropo rtiona te  to  the s ize  o f the un in fec ted , exposed 
popu lations and to  the s iz e  o f  the p o rtio n  o f the c e rca riae  popula­
t io n  a v a ila b le  to  cause in fe c tio n  in  each o f the exposed, un in fected  
popu la tions. In  order to  determ ine the p o rtio n  of c e rca riae  a v a i l ­
able fo r  in fe c tin g  un in fec ted  popu la tions, i t  was assumed th a t  both 
the human and r a t  populations could receive  m u ltip le  in fe c tio n s .
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Sym bolically th i s  I s  g iven by,
+ P3  + Pg +
FgPgPg
(p - 4 . p ~ ■) fo r  humans and by,
2 3 9 10
^24^9^8( - —T-TT—r^rr—y - r —) fo r  the a l te rn a te  h o st popu la tion .
^ 2  3 9 1 0
M iracid ia  arose  from in fec te d  humans and r a t s  and were removed from 
the popu lation  by death o r by in fe c tin g  a s n a il  h o s t. I t  was assumed 
th a t  s n a i ls  could not co n ta in  m u ltip le  in fe c tio n s ;  thus only unin­
fec ted  s n a i ls  were a v a ila b le  to remove m lrac ld la . This was n o t the 
case fo r  c e rc a ria e  which could be removed from th e i r  popu la tion  group 
by e i th e r  un in fected  o r in fec te d  humans and r a t s  o r  by death . 
C ercariae  arose  from the in fec te d  s n a i l  popu la tion . In fe c tio n  of 
the  un in fec ted  s n a i ls  varied  as the  popu lation  o f un in fec ted  s n a i ls  
and as the  popu lation  o f m ira c id ia  a v a ila b le  fo r  in fe c tio n .
I t  may be seen th a t  the system o f equations i s  n o n lin ear; 
hence the powerful methods used to  study l in e a r  systems were not 
re a d ily  a p p lica b le . Rather than attem pt to  solve the equations 
d i r e c t ly ,  the model was programmed on a Control Data C orporation 3170 
computer fo r num erical in te g ra tio n  of varying c o n tro l programs. The 
model developed was a d is c re te  time model sim ulating  a period  of 
twenty years. Each time period  was taken to  be th ree  months. This 
time increm ent was found to  adequately  rep resen t a l l  popu lations 
except those fo r  the m irac id ia  and c e rc a ria e  w ith  th e i r  r e la t iv e ly
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sh o rt l ife tim e s . Rather than attem pt to  use a very  small time 
increm ent to  model the popu lation  t r a n s i t io n s  in  the m irac id ia  and 
c e rc a r ia e  popu la tions, i t  was decided to  In te rp re t  popu lations Pg 
and Pg as the average d a ily  production  o f m ira c id ia  o r c e rca riae  p e r 
u n i t  volume o f w ater and to  assume th a t  the a c tu a l popu lations o f 
m irac id ia  and c e rca riae  were d i r e c t ly  p ro p o rtio n a l to  the production  
o f new members o f those popu la tions. This in te rp re ta t io n  in  a de­
c lin in g  population  caused the model to  overestim ate  the  average 
popu la tion  o f  the p a ra s i te  bu t again  th is  was a w orst case s i tu a t io n ,  
which i f  shown to  decrease the o v e ra ll  in fe c tio n  and p a ra s i te  numbers 
n e c e ssa r ily  led to  a reduction  in  any a c tu a l c o n tro l program. In  
o rd e r  to  model the derived d i f f e r e n t ia l  equations on a d ig i t a l  com­
p u te r , i t  was necessary  to  change the form o f the equations from 
d i f f e r e n t i a l  to  d iffe ren ce  equations. The d iffe re n c e  equations used 
a re  g iven as follow s:
«  ' l . n t l  -  ■’l . n  + f l C l . n  + ^2 ,„  + ' ’s .n  +
■ ^2 ^1 ,n  ■ ^3 ^1 ,n  ^5^2,n V s . n
+ V 4 , n
«  ^2 . » r t  -  ^2 ,n  + V l . n  '  '  ^5^2,«
»  -  " 3 , .  + -  "7 '-3 .. -  V 3 . 0
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‘ V 3 ,n  ” ^10^3,n ^13^4,n 
* ^4 ,n  '*' ^10^3,n " ^11^4,n ’ ^12^4,n
■ ^13^4,n
^ S .n f l  "  ^14^3,n ^15^4,n ^16^10,n
^6 ,n H  "  ^6 ,n  '"' ^17^^6,n '*' ^7,n^ ’  ^18^6,n
■ ^19^6,n^5,n
^ 7 ,ttf l  “  ^7 ,n  ^19^6,n^5,n " ^20^7,n
^8 ,n H  ^21^7,n
^ 9 ,n f l  “  ^9 ,n  ''' ^22^^9,n ^ 1 0 ,n^ " ^^23^9,11
-hA^  an .
n
2
1 »> h o . ^ l  ■ -  ^ 2 5 ^ 0 ,n
n “ 0 , 1 , 2 , 3, •••
and P, F and D a re  popu la tion  and three-m onth r a te  c o e f f ic ie n ts  as 
defined  above.
Note th a t  the  populations o f m lrac ld la  (Pg) and o f c e rc a r ia e  
(Pg) were a lte re d  to  r e f l e c t  th e i r  In te rp re ta t io n  as average d a lly  
p a ra s i te  production . With th is  In te rp re ta t io n  I t  was no longer 
necessary  to  account fo r  the  removal of p a ra s i te s  from the Pg and Pg
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popu la tions. I t  was s t i l l  necessary , however, to  a p p ro p ria te ly  
d iv ide  the popu la tions and Pg In to  p o rtio n s  a v a ila b le  fo r  In fe c ­
t io n  o f the  s n a i l ,  human and r a t  p o p u la tio n s. The model did no t 
attem pt to  u t i l i z e  second order approxim ation methods since In  most 
cases the necessary  param eters and i n i t i a l  cond itions necessary  to  
a ccu ra te ly  c a l ib ra te  the  model d id  no t e x is t .  Indeed the d a ta  a v a i l ­
ab le  In  the l i t e r a tu r e  was s u f f ic ie n t ly  u n re lia b le  th a t an attem pt 
to  do a high o rd e r approxim ation would not have revealed  any add i­
t io n a l  Inform ation; hence the  p re sen t model was r e s t r i c te d  to  a f i r s t  
o rder non linear approxim ation of the  d i f f e r e n t i a l  equations d e sc rib ­
ing  the  sch isto som iasis  cycle .
Once the model was developed and e r ro r s  In  the programming 
language were e lim in a te d . I t  was necessary  to  v a lid a te  the  model 
u t i l i z in g  a c tu a l d a ta . This v a lid a t io n  was made d i f f i c u l t  by the 
lack  of a v a ila b le  d a ta  o f the d e ta i l  necessary  to e s ta b l is h  the 
ap p ro p ria te  I n i t i a l  cond itions fo r  the  model. I t  was p o ss ib le  to  
o b ta in  general d e sc r ip tio n s  o f c o n tro l programs which were used to  
estim ate  popu lation  param eters fo r  the model. The same program de­
sc r ip tio n s  were used to  e s ta b l is h  whether the model did Indeed "a c t"  
as n a tu ra l popu la tions acted  under the  In fluence of c o n tro l programs.
CHAPTER V 
VERIFICATION OF THE MODEL
U nfortunately  there  was no way a p r io r i  to  In su re  th a t  the 
model was v a lid ;  thus the more e^qierlmental evidence th a t  could be 
used In  I t s  v a lid a t io n , the more confidence th a t  could be placed In  
I t s  a b i l i ty  to p re d ic t  programs th a t  had never befo re  been t r ie d . 
Before the model was used to  p re d ic t  the  outcome o f sp e c if ic  co n tro l 
programs, an a ttem pt to  v e r ify  I t  was undertaken. U nfortunately  a 
q u a n tita tiv e  v e r i f ic a t io n  was im possible because o f the lack of 
r e l ia b le  d a ta  necessary  to  e s ta b l is h  th e  I n i t i a l  co n d itio n s o f the 
model and to  compare w ith the model as I t  was used to  sim ulate r e a l  
popu la tions. However, I t  was p o ss ib le  to  perform a q u a li ta t iv e  
v e r i f ic a t io n  wherein the necessary  I n i t i a l  cond itions were estim ated 
fo r  a popu lation  and the  model was used to  sim ulate a c o n tro l program. 
The model r e s u l ts  were compared a g a in s t the repo rted  r e s u l ts  o f a 
s im ila r  c o n tro l program th a t had been c a rr ie d  out and rep o rted . The 
q u a li ta t iv e  v e r i f ic a t io n  was made by using  the popu lation  s t a t i s t i c s  
estim ated  from d a ta  reported  by H airs ton  (28) from a P h ilip p in e  study. 
As In  o th e r r e p o r ts , not a l l  the  necessary  data  was given and I t  was 
necessary  to  e s tim ate  some p a r t  o f the  I n i t i a l  param eters from ex­
perience w ith o th e r s tu d ie s . In  p a r t ic u la r  w ith d a ta  from Puerto Rico.
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In  order to  e s ta b l is h  a b a se lin e  from which the  e ff ic ie n c y  
of v a rio u s  co n tro l programs could be conq>ared. I t  was assumed th a t  In  
endemic popu lations the  d isease  would have reached a steady  s ta te  w ith 
l i t t l e  o r  no change In  d isease  r a te s  from year to  y e a r. This assump­
tio n  led  to  a system o f equations derived  by s e t t in g  the d e riv a tiv e s  
rep resen tin g  the r a te s  o f change fo r  each Id e n tif ie d  popu la tion  group 
to  zero . This s e r ie s  o f equations was u se fu l In  e s tim a tin g  I n i t i a l  
popu lation  param eters since  no t a l l  o f  the v a ria b le s  In  the  system 
of equations were Independent; thus the number o f v a r ia b le s  th a t  had 
to  be estim ated  was reduced. Before so lv ing  the s e t  o f  equations fo r  
dependent v a ria b le s  In  terms o f estim ated  v a r ia b le s , fu r th e r  assump­
tio n s  were made. I t  was assumed th a t  the b i r th  r a te  o f  each popula­
tio n  group was equal to  the death r a te  In  th a t  p o pu la tion  a t  steady 
s ta te ;  thus there  would be no n e t growth In  the  human, s n a i l  o r 
rodent popu la tions. F u rth e r I t  was assumed th a t  no human being In ­
fected  and exposed could undergo spontaneous cure and th a t  there  were 
no c o n tro l programs In  o p e ra tio n . I t  was assumed th a t  the  r a te s  of 
t r a n s i t io n  between the  unexposed and exposed popu la tions were the 
same I r re s p e c tiv e  o f  whether o r no t a person was In fe c te d . With these 
assum ptions the s e t  o f d iffe ren c e  equations was solved to  y ie ld  the 
follow ing s e t  o f equations fo r  use in  e stim atin g  endemic param eters:
,, , fl2»4(P2 + + P4 )
'  3 E E '
2 ) -g--------  +
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^ 2 ^  + FjCP, + P4 ) P2  + P3  + f ,  + ^ 0  
 ^ 6  '  V 2
-16 -  ■
«  - 1 , ' % .
P.
-21 -  ^  '
7) F ,, = ‘'72’’i O<-2 + + - ,  + -10> ,
Jr-gt-g
E = P^Pg -  P2 P4  ,
P stands for the appropriate population and F represents rate co­
e f f ic ie n t s  as defined above. These equations yielded necessary values 
for the unknowns Fg, F^, Fg, F^g, F^g, Fgj^  and Fg  ^ In terms o f the
estim ated  c o e ff ic ie n ts  Fj^, F^g, F^^, F^^ and
From the work o f  H airston  (28) I t  was p o ss ib le  to  estim ate  
the popu lation  param eters given In Table 1. The value assoc ia ted  
w ith Pg and Pg was e s ta b lish e d  by assuming th a t a q u a n tity  o f water 
necessary  to  con ta in  1 0 , 0 0 0  m lrac ld la  o r c e rca riae  was considered.
The b i r th  ra te  fo r the human population  was taken as 200/10,000 or 
0.5  X 10*^ per q u a rte r . The b ir th  ra te  fo r  s n a ils  was taken as 
0.373 p e r q u a rte r . This ra te  was taken as the normal r a te  o f v iab le  
rep roduction  In a popu lation  a t  steady s ta te .  I t  should be noted
TABLE 1
POPULATION SIZE AND TRANSITION RATES FOR POPULATIONS WITH ENDEMIC DISEASE*
Population  Number o f F ac to r » , Factor » .
Number Members Number Number
1 16,200 1 0.5000 X 10-2 13 0.5100
-1
X 10
2 3,300 2 0.5000 X 10-: 14 0.3252
3 6,700 3 0.5100 X 10-: 15 0.5070 X 10
4 23,800 4 0.5000 X 10-: 16 0.3180 X 10-1
5 10,000 5 0.1990 17 0.3730
6 5,087,873 6 0.3793 X 10-3 18 0.3730
7 565,319 7 0.5000 X 1Q-: 19 0.4144 X 10-3
8 10,000 8 0.0000 20 0.3730
9 52,000 9 0.0000 21 0.1769 X 10" 1
10 208,000 10 0.1990 22 0.8333 X 10-1
11 0.5000 X 10-: 23 0.8333 X 10-1
12 0.2100 X 10-4 24
25
0.1731 
0.8333
X 10-3
X 10"1
*Eatimated from d a ta  given by H airs ton  (28).
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th a t  th i s  b i r th  r a te  may be many tim es h i ^ e r  in  uncrowded cond itions
(13, 41). I t  was estim ated  th a t  the r a te  o f  spontaneous cure in  a
human popu la tion  o f in fe c te d , unexposed humans i s  approxim ately 
-40.21 X 10 per q u a rte r . This i s  su b s ta n tia te d  by the l ife tim e  of 
sch isto som iasis  in  man which has been observed to  be twenty to  t h i r t y  
y ears . The ra te  o f p roduction  o f m ira c id ia  coming from the in fe c te d , 
exposed human popu lation  was estim ated to  be approxim ately 0.33 per 
day per u n i t  o f  w ater (28 ). For humans in fe c te d  bu t no t exposed th is  
r a te  was taken as 0.507 p e r day. The b i r th  r a te  fo r  the h o s t animal 
o th er than human beings was taken as 0.833 x 10 ^ pe r q u a r te r . This
r a te  was assumed to  rep re se n t c lo se ly  th a t  o f a r a t  p o p u la tio n  in
i t s  n a tu ra l  s e t t in g  (28 ). From these  estim ated  p ro p o r tio n a lity  
co n stan ts  and the assum ptions made above, i t  was p o ss ib le  to  c a lc u la te  
the dependent p ro p o r tio n a li ty  constan ts  necessary  to  produce a steady 
s ta te  popu la tion . When these  constan ts  were used in  the model p ro ­
gram the popu la tions were indeed constan t fo r  a period o f twenty 
y ears . Once the  steady s ta te  so lu tio n  had been derived i t  was
p o ss ib le  to  in troduce changes sim ulating  c o n tro l programs and to  see
i f  the model could be used to  p re d ic t the  r e s u l ts  o f c o n tro l programs 
th a t  had a c tu a lly  been t r ie d .
In  Egypt a c o n tro l program was attem pted by e lim in a tin g  
the  tran sm ission  of m irac id ia  from the human to  the s n a i l  popu lation  
by in troducing  improved waste d isp o sa l (9 8 ). The f i r s t  a ttem pt made 
to  v e r ify  the  model w ith an ac tu a l c o n tro l program was based on th is  
study. The model was made to  rep resen t a 100 percen t e f f ic ie n c y  o f 
removal o f eggs from human waste by s e t t in g  the t r a n s i t io n  co n stan ts
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rep resen tin g  the transm ission  o f m irac id ia  from the human p o pu la tion
-30to  the s n a il  popu la tion  equal to  0 .1  x 10 m irac id ia  p e r person 
per day reaching  the  s n a il  popu la tion ; thus the  r a te  o f  m ira c id ia  
production from human beings was e f f e c t iv e ly  zero . Curve "B" o f 
Figure 3 i l l u s t r a t e s  the p red ic ted  twenty year h is to ry  o f the  d isease  
in  the human popu la tion . I t  may be seen th a t  the d isease  decreases 
b u t the decrease i s  su rp r is in g ly  slow. T his r e la t iv e ly  slow decrease 
was observed in  the  Egyptian p ro je c t .  Indeed the  lev e l o f e f f ic ie n c y  
o f the waste d isp o sa l program in  the  Egyptian p ro je c t  was f a r  below 
100 percen t and no s t a t i s t i c a l l y  s ig n if ic a n t  red u c tio n  in  d isease  
le v e ls  could be d e tec ted . S c o tt, e t  a l , . (98) s ta te d , "The inescap ­
ab le  conclusion  from these  experiem ents i s  th a t  the s a n i ta t io n  p ro ­
duced no m easurable e f f e c t  on i n f e c t i o n . . . . "  The q u a l i ta t iv e  v a lid a ­
tio n  o f the model with an a c tu a l c o n tro l program had thus been shown 
in  one case . In  order to  fu r th e r  v a lid a te  the  model, a d d itio n a l 
examples were sought.
One o f the most commonly suggested c o n tro l programs i s  th a t 
o f e lim in a tio n  o f  the s n a i l  v e c to r . I t  i s  obvious th a t  e lim in a tio n  
o f  the in te rm ed ia te  v ec to r w il l  e v en tu a lly  lead to  complete e ra d ic a ­
tio n  o f sc h is to so m iasis . In  o rder to  t e s t  the e ff ic ie n c y  o f th i s  
c o n tro l program the model was made to  rep re se n t a program th a t  
e lim inated  99.9 percen t o f the remaining s n a i l  population  each 
q u a rte r ; thus in  s ix  months the s n a i l  p o pu la tion  was e f f e c t iv e ly  
reduced to  ze ro . Curve "C" o f Figure 3 i l l u s t r a t e s  the r e s u l t s  o f 
th is  c o n tro l program over a twenty year p e rio d . Again the le v e l  o f 
d isease  was reduced bu t in  twenty years approxim ately tw o -th ird s  o f
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Figure 3 -  E ffect o f complete waste and sn a il con tro l.
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the  t o ta l  Incidence remained. This long period o f  only s l ig h t  reduc­
t io n  I s  a consequence of the long life tim e  of the  p a ra s ite  In  the 
human popu la tion . Ferguson, e t  a l . , (18) s ta te d  th a t  In  a program 
In  Vieques, Puerto Rico, the s n a i l  population  was never com pletely 
e lim inated  and th a t  I f  c o n tro l o f the s n a il  popu lation  should lapse 
fo r  even one month, the popu lation  s ize  would re tu rn  to  normal 
le v e ls ;  thus expec ta tions of e lim in a tin g  sch isto som iasis  by c o n tro l 
o f the s n a i l  popu lation  alone appear to  be hope less . Indeed no 
re fe rence  could be found to  s n a i l  co n tro l being used as a su ccessfu l 
schlstosom las c o n tro l program.
Hie l a s t  attem pt a t  v a lid a tio n  o f the model was taken from 
a study in  Puerto Rico Involving both sn a il  c o n tro l and treatm ent o f 
the In fec ted  popu lation . In  1954 the Puerto Rico Health Department 
I n i t ia te d  a p ro je c t fo r the red u c tio n  of sch isto som iasis  on Vieques 
Is la n d , Puerto Rico, (18), The p ro je c t Involved both trea tm en t o f 
In fec ted  In d iv id u a ls  and chem ical co n tro l o f  the  s n a il  popu la tion . 
A fte r f iv e  years no In fe c tio n s  were found In  c h ild re n  In  the f i r s t  
g rades, a reduc tion  from 7 .1  percen t fiv e  years e a r l i e r .  The model 
was made to  rep resen t a program Involving treatm ent of 90 percen t 
of In fec ted  humans every th ree  months and a red u c tio n  o f 90 percen t 
o f the normal s n a i l  popu lation . Curve "C" o f Figure 4 I l lu s t r a t e s  
the sim ulated r e s u l ts  o f such a co n tro l program. In  f iv e  years  o f 
the program a c t iv i ty ,  the model p red ic ted  a drop In  the p o rtio n  o f 
In fec ted  humans (fo r  the given population) from 61 percen t o f the 
e n t i r e  popu lation  to  le s s  than 1 percent o f the  popu lation . Again 
the model a ccu ra te ly  p red ic ted  the q u a li ta t iv e  outcome of an a c tu a l
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Figure 4 -  E ffect of human treatment programs.
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d isease  co n tro l program. With th i s  v a lid a tio n  i t  was assumed th a t  
the  model was accu ra te  and could be used to  sim ulate new c o n tro l 
programs th a t  had never before  been t r ie d .
CHAPTER VI
PROGRAM MODELS
Having been q u a l i ta t iv e ly  v a lid a te d , the model was used to  
in v e s tig a te  new c o n tro l programs. One c o n tro l program th a t  had never 
befo re  been stud ied  was the co n tro l o f the  a l te rn a te  h o s t popu lation . 
In  the P h ilipp ines Pesigan , e t  a l . .  (72) showed th a t  the r a t  was the 
most s ig n if ic a n t  a l te rn a n t  h o s t. A r a t  c o n tro l program would Impact 
no t only on sch isto so m iasis  bu t a lso  on o th er Im portant pub lic  h e a lth  
problem s. The model was used to  sim ulate a red u c tio n  of 99.9 percen t 
o f the  to ta l  r a t  p o p u la tio n  every th ree  months. The r e s u l ts  fo r  a 
twenty year period a re  shown as Curve "A" o f F igure 5. Note th a t  the 
number of in fec ted  humans increased in s tead  o f decreasing  as expected. 
This increase  was caused by the in crease  o f c e rc a r ia e  a v a ila b le  to 
in fe c t  humans in s te a d  o f  r a t s  and the steady s ta te  sa tu ra tio n  o f the 
s n a i l  population  w ith in fe c tio n  such th a t  a red u c tio n  o f the m ira­
c id ia  population  did  no t s ig n if ic a n t ly  reduce the number of in fec ted  
s n a i ls .  I t  may be seen th a t  th is  need no t always be the case . Given 
a population  wherein the  a l te rn a te  h o s t accounts fo r  a s ig n if ic a n t  
p a r t  o f m irac id ia  p roduction , yet does not remove a large  number of 
c e rca riae ,th e n  the red u c tio n  of the a l te rn a te  h o st popu lation  would 
r e s u l t  in  a reduc tion  in  the amount o f human in fe c tio n . Using data
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In  the model based upon a study by H airs ton  (28), however. I t  appeared 
th a t  reduc tion  o f the a l te rn a te  h o st popu lation  would lead to  an 
a c tu a l Increase  In  the number o f  humans In fec ted .
Another c o n tro l program th a t had not been reported  was one 
to  reduce human exposure. Job ln  and Ruiz (34) reported th a t  In  Puerto 
Rico approxim ately 50 percen t of exposure could be reduced by the pro­
v is io n  o f  sa fe  a reas fo r  re c re a tio n . Curve "C" of Figure 5 I l l u s ­
t r a te s  the  p red ic ted  twenty year outcome of a 90 percen t reduc tion  In 
human exposure. Note th a t the to ta l  number of In fec ted  humans was 
reduced g rad u a lly . I t  appeared th a t  a c o n tro l program based on the 
reduction  o f human exposure alone would no t be rapid  enough to  have 
Immediate Impact on the d ise ase ; however, the Inclusion  o f a reduc­
tio n  of human exposure as p a r t  o f a more comprehensive program of 
c o n tro l may reduce the p o te n t ia l  fo r  reestab lishm ent o f the  d isease  
I f  I t  were once e rad ica ted  from a lo c a l i ty .
Curve "C" of Figure 3 I l lu s t r a t e s  the reduction  o f the 
number o f In fec ted  humans over a twenty year period given th a t  the 
sn a il  popu lation  could be com pletely c o n tro lle d . The l i t e r a tu r e  
Ind ica ted  th a t  the complete c o n tro l o f the s n a il  popu lation  I s  a v i r ­
tu a l Im p o ss ib ility ; ye t I f  I t  were p o ss ib le , then the model showed 
th a t  a f t e r  twenty years only about o n e -th ird  of the In fec ted  human 
population  would have undergone spontaneous cure. This curve rep re ­
sen ts the most e f f ic ie n t  r a te  o f reduc tion  o f  the d isease  from the 
human popu lation  I f  no treatm ent o f In fec ted  Ind iv idua ls  were under­
taken. In  o rder to  r id  the human population  of the d isease  a t  a 
f a s te r  r a te  I t  was found necessary  to  e s ta b lis h  a treatm ent program.
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Curve "B" o f  Figure 4 i l l u s t r a t e s  the r e s u l t  of a program o f 99 per­
cen t trea tm en t of In fec ted  humans each q u a rte r . I t  may be seen th a t 
the incidence  of in fe c tio n  in  human beings dropped ra p id ly  then 
g rad u a lly  ro se  as the exposed popu lation  in creased . The p o te n t ia l  
fo r in fe c tio n , as measured by the number o f c e rca riae  a v a ila b le  fo r 
in fe c tio n , should the trea tm en t program ever be stopped, remained 
high s ince  the a l te rn a te  h o s t continued to  propagate the  d isease  (see 
Figure 6 ) ; hence even though the trea tm ent program showed rap id  re ­
duction  in  the incidence o f  the d isease  in  human p o p u la tio n s , i t  could 
h a rd ly  be c a lle d  su ccessfu l since i t  could never be stopped w ithout 
in cu rrin g  an immediate r i s e  in  the  r a te  o f in fe c tio n  lead ing  rap id ly  
to  endemic r a te s  o f in fe c tio n . In  order to  reduce the p o te n t ia l  fo r 
re in fe c t io n  a lte rn a te  procedures had to  be considered . One such 
method o f reduction  o f t o t a l  number o f in fe c tio n s  w ith an assoc ia ted  
reduc tion  in  the p o te n t ia l  fo r  re in fe c tio n  was given in  the  Vieques 
c o n tro l program already  d iscussed . Another p o ss ib le  method considered 
was one o f  the combination o f human treatm ent w ith a program to reduce 
the popu la tion  o f the a l te rn a te  h o s t.
Curve "A” in  F igure 4 i l l u s t r a t e s  the r e s u l ts  obtained when 
a program to  t r e a t  70 p e rcen t o f in fec ted  humans was combined w ith a 
program o f  r a t  c o n tro l r e s u l t in g  in  the  e lim in a tio n  o f 50 percen t o f 
the roden t popu lation . The program did no t produce complete con tro l 
bu t the p o te n t ia l  fo r  re in fe c t io n  was g re a t ly  reduced. The p o te n tia l  
fo r  re in fe c tio n  i s  i l l u s t r a te d  in  Curve "E" o f F igure 6.
The only methods o f d isease  reduction  th a t  were capable of 
e lim in a tin g  the d isease  were those which involved trea tm en t of
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In fec ted  In d iv id u a ls  In  con junction  w ith a program to reduce the 
number o f c e rca riae  a v a ila b le  to  In fe c t  humans. The number o f a v a i l­
ab le  c e rca riae  were reduced (see Figure 6) by reducing human exposure 
as I l lu s t r a te d  In  Curve "C" of Figure 5, o r by reducing the number 
o f s n a i ls  a v a ila b le  to  produce c e rca riae  as I l lu s t r a te d  In  Curve "C" 
of Figure 3 or by reducing the number o f  In fec ted  s n a i ls  by decreas­
ing the number o f m lra c ld la  a v a ila b le  fo r  In fe c tio n  as I l lu s t r a te d  
In  Curve "A" of Figure 5. This reduc tion  o f the number o f  m lrac ld la  
a v a ila b le  fo r  In fe c tio n  was produced by reducing the a l te r n a te  h o st 
popu lation ; thus decreasing  the number o f a v a ila b le  m lra c ld la .
In  o rder to  a s s i s t  In  the d ec is io n  of which c o n tro l program 
to  use, the  co st o f  each program was considered , and the model was 
modified to  Include a simple a n a ly sis  o f  program c o s ts .
CHAPTER VII 
PROGRAM COST CONSIDERATIONS
In  o rder to make lo g ic a l  decisions among a l te rn a te  c o n tro l 
programs I t  was necessary  to  consider program c o s ts  r e la t iv e  to  the 
e f fe c t  produced by each program. This chap ter exp la ins how program 
co sts  were Incorporated In to  the genera l sch isto som iasis  model and, 
using the c o s t model, how comparisons were made among a l te rn a t iv e  
sch isto som iasis co n tro l programs.
The co s ts  assoc ia ted  w ith c o n tro l a c t iv i t i e s  were c l a s s i ­
fied  In to  th ree  groups: 1) s ta r t-u p  c o s ts , 2) fixed  program c o s ts  
and 3) v a ria b le  co sts  p ro p o rtio n a te  to  some le v e l o f e f f o r t  w ith in  
the a c t iv i ty .  S ta rt-u p  co s ts  were taken as those c o s ts  a sso c ia ted  
with the I n i t i a t i o n  of a program. For example consider a program 
Involving c o n tro l o f the s n a i l  popu lation  In a lake . The I n i t i a t i o n  
of such a p ro je c t  would Involve c e r ta in  one time purchases such as 
the purchase o f a b o a t, spraying equipment and sampling equipment. 
These co s ts  are  not expected to  rec u r; hence they would be c la s s i f ie d  
as s ta r t-u p  c o s ts . Fixed program co sts  were taken as those c o s ts  
occurring  a t  a fixed  ra te  throughout the l ife tim e  of a p ro je c t 
reg a rd less  o f the lev e l o f e f f o r t  Involved. As an example consider 
personnel c o s ts , co sts  o f  supp lies used a t  constan t r a te s  and
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maintenance c o s ts . V ariable c o s ts  were taken to  be those c o s ts  
which occurred in  response to  some le v e l of program e f f o r t .  For 
example consider the cost o f p a tie n t  trea tm en t. I n i t i a l l y  t h i s  cost 
m ig^t be q u ite  h igh  bu t as the  c o n tro l program begins to  work, the 
number o f p a tie n ts  tre a te d  would be expected to  d e c lin e , and w ith 
th is  d ec lin e  the p a tie n t  treatm ent co st would a lso  d e c lin e . Each 
group o f co s ts  was fu r th e r  d iv ided  in to  th ree  c la sse s : 1) lowest 
program c o s t ,  2) most probable program co st and 3) h ig h es t program 
c o s t. For th i s  paper the most probable co st was taken as the  mid­
value between the  lowest and h ig h e s t program c o s t.
Having c la s s if ie d  the  expenses o f undertaking a l te rn a t iv e  
co n tro l programs, i t  was a simple m atter to  account fo r  the s ta r t-u p  
and fixed  program c o s ts . Ihe v a ria b le  c o s ts , however, requ ired  the 
computation o f program co sts  fo r  le v e ls  o f e f f o r t  above the n a tu ra l 
steady s t a te ,  i . e . ,  computation o f the cost of reducing in fe c tio n  
had to  take in to  account any n a tu ra l reductions o f in fe c tio n  which 
would have occurred w ithout in te rv e n tio n . F igure 7 i l l u s t r a t e s  the 
re la tio n sh ip  o f the  number o f in fe c te d  humans cured n a tu ra lly  to  the 
number o f in fec ted  humans cured as a r e s u l t  o f some c o n tro l program. 
The program c o s ts  were computed from the number of cures a t t r ib u ta b le  
to  the program and no t from the t o ta l  number of cures th a t  took 
p lace . In  o rder to  compute the v a ria b le  program c o s ts  from the 
model, the t r a n s i t io n s  between each population  group were computed 
twice fo r  each th ree  month p e rio d , once using the  fa c to rs  o f the  
steady s ta te  so lu tio n , and once using  the c o n tro l fa c to rs .
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The d iffe ren c e  between these  two computations determ ined the v a r ia b le  
program c o s ts  fo r  th a t  p e riod .
E a r l ie r  i t  was seen th a t  any program n eg lec tin g  the m edical 
treatm ent o f in fec te d  humans was alm ost c e r ta in ly  doomed to  f a i lu r e  
(th e  most e f fe c t iv e  program reducing human in fe c tio n  by only o n e -th ird  
in  twenty y e a rs ) . Reduction o f human in fe c tio n  by treatm ent w ithout 
a d d itio n a l program e f f o r t  was seen to  be e s s e n t ia l ly  a trea tm en t o f 
the  "symptoms" o f the d isease  w ithout a f fe c tin g  the underlying 
re s e rv o ir  o f p o te n t ia l  in fe c tio n  rem aining in  the environm ent. I t  
was concluded th a t  any program, to  be e f f e c t iv e ,  must include both 
human treatm ent and some c o n tro l o f e i th e r  the s n a i l  popu la tion , the  
a l te rn a te  h o st popu la tion  o r the exposure o f humans to  in fec ted  
w a te rs . Based upon these  conclusions, the model was used to sim ulate  
the  course of d isease  invo lv ing  the treatm ent programs as fo llow s:
1) treatm ent o f 70 p e rcen t o f in fec te d  humans every
th ree  months and red u c tio n  of the a l te rn a n t  h o s t
popu la tion  by 50 p e rcen t,
2) trea tm ent o f 70 percen t of the in fe c te d  human popula­
tio n  and red u c tio n  o f the  s n a i l  popu la tion  by 90 p e rc e n t,
3) treatm ent o f 70 p e rcen t o f the in fe c te d  human popu lation  
every 3 months and reduc tion  o f human exposure by 50 
p e rcen t,
4) trea tm en t of 70 p e rcen t of the in fe c te d  human popu la tion ,
reduction  o f the a l te rn a te  h o st popu la tion  by 50 p e rcen t
and red u c tio n  of the  s n a i l  popu la tion  by 90 p e rcen t,
5) trea tm en t o f 70 percen t of in fec te d  humans every th re e  
months, reduc tio n  o f the  a l te rn a te  h o s t popu lation  by
50 p e rcen t and reduc tion  o f human exposure by 50 p e rc en t,
6) trea tm ent o f 70 p e rcen t of in fec te d  humans every th ree  
months, reduc tion  o f the s n a il  popu la tion  by 90 percen t 
and red u c tio n  o f human exposure by 50 p e rc en t, and
54
7) trea tm ent o f 70 percen t of In fec ted  humans every
th ree  months, red u c tio n  o f the a l te rn a te  h o s t popula­
t io n  by 50 p e rcen t, reduction  o f the s n a i l  population  
by 90 p e rcen t and reduction  o f human exposure by 50 
p e rcen t.
Seventy p e rcen t was taken as a reasonable  case f in d in g  and 
cure r a te  fo r humans. S im ila rly , a 90 percen t red u c tio n  In the s n a i l  
popu lation  appeared to  be a reasonable reduction  considering  the 
rap id  r a te  In  which reg en era tio n  o f suppressed s n a i l  popu lations 
occur. Jobln  and Ruiz (34) Ind ica ted  th a t  a 50 p e rcen t reduction  In 
human exposure m ight be achieved w ith the p ro v is io n  o f adequate 
re c re a tio n a l a re a s , and the c o n tro l o f a l te rn a te  h o s t popu lations 
was expected to  be a t  le a s t  50 percen t In  a reas  ^ e r e  th e re  had been 
l i t t l e  a tte n tio n  to  th i s  Im portant pub lic  h e a lth  measure. Using these 
d a ta , h y p o th e tica l program c o s ts  were estim ated . A ll programs were 
designed fo r  human popu la tion  o f 50,000 w ith d is t r ib u t io n s  among 
popu lation  c la sse s  estim ated  from the data  given by H airston  (28). 
Table 2 gives the estim ated  program co sts  fo r  trea tm en t o f 70 percen t 
o f the  In fec ted  humans every th ree  months. I t  was assumed th a t  each 
person  trea te d  did n o t Immediately re tu rn  to  an exposed s ta te ,  bu t 
re tu rned  ra th e r  to  the  unexposed,uninfected p o p u la tion . The program 
assumed th a t the e n t i r e  population  was screened fo r  sch isto som iasis  
every  period and th a t  only those In fec ted  were t re a te d . Fecal exams 
were used fo r I d e n t i f ic a t io n  of the In fec ted  popu la tion . I t  was 
noted th a t  one exam was not s u f f ic ie n t  to  Id e n tify  an un infected  
person , but since the e n t i r e  popu lation  was examined four tim es each 
y e a r. I t  was assumed th a t  In fe c tio n s  which were no t de tected  Immed­
ia t e ly  would be picked up subsequently . The h y p o th e tic a l treatm ent
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TABLE 2
ESTIMATED COSTS TO TREAT 70 PERCENT OF INFECTED 
HUMAN POPULATION EVERY THREE MONTHS
Low High
S ta rt-u p  Cost $0 $ 1,000
Fixed C ost/3 Month Period
1. Laboratory Technician (2-4) $ 3,500 $ 7,000
2. Nurses (2-6 $ 5,000 $15,000
3, Physician (1-2) $ 3,250 $ 6,500
4. M iscellaneous $ 1.500 $ 1.500
T ota l $13,250 $30,000
V ariable Cost
1. P a tie n t Treatment $ l /p a t ie n t $ 1 0 /p a tien t
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program employed fe c a l exam iners, nu rses and physic ians. Each em­
ployee was assumed to  have a v a ila b le  220 man days per y ear. T rea t­
ment was assumed to  c o s t up to  10 d o l la r s  pe r person tr e a te d . Note 
th a t  in  none o f the proposed models was any attem pt made to  account 
fo r the  c o s t o f having the  d isease , nor was any attem pt made to  account 
fo r  the time value o f money.
Table 3 g ives the estim ated  c o s t fo r  a ty p ic a l s n a i l  con­
t r o l  program (18). I t  was assumed th a t  c o n tro l was e s tab lish ed  so le ly  
by the use o f poisons ra th e r  than by using  b io lo g ic a l c o n tro ls . No 
attem pt was made to  account fo r damage to  the environment re s u ltin g  
from the use o f  m o llu sc ic id es; although a program designer would 
c e r ta in ly  take th is  in to  co n sid era tio n .
Table 4 g ives the estim ated  c o s ts  fo r a program which re ­
duced the exposure o f human beings to  in fe c te d  w ater sources. Two 
a l te rn a t iv e s  were combined: 1) red u c tio n  o f e:q>osure by bu ild in g  and 
m ain tain ing  re c re a tio n a l  a reas such as p u b lic  swimming pools o r
2) reduc tion  o f  exposure by fencing and p a tro l l in g  a reas of p o te n tia l  
in fe c tio n . I t  was assumed th a t e i th e r  o r both o r n e ith e r  o f these 
programs would be used in  conjunction w ith  an a d v e rtis in g  campaign 
to  inform the p u b lic ; thus, the low est c o s ts  would be those assoc­
ia te d  w ith the a d v e rtis in g  campaign alone and the h ig h es t co sts  
expected would be those assoc ia ted  w ith a combined program involving 
a l l  th re e .
Table 5 g ives estim ated c o s ts  fo r  a campaign which was 
expected to  reduce the a l te rn a te  h o s t ( r a t )  population  to  50 percen t 
of the  steady s ta te  population  le v e ls . Costs from each o f the
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TABLE 3
ESTIMATED COSTS TO CONTROL SNAIL POPULATION 
AT 10 PERCENT OF STEADY STATE SIZE
Low High
Start-UD Cost
1. Equipment and M iscellaneous 
Expense $1,000 $2,000
Fixed C o st/3 Month Period
1. Two man team $4,000 $4,000
2. Poison $ 150 $ 200
3. M iscellaneous $ 50 $ 50
T o ta l $4,200 $4,250
V ariable Cost $0 $0
58
TABLE 4
ESTIMATED COSTS TO 
EXPOSURE BY 50
REDUCE HUMAN 
PERCENT
Low H iA
S ta rt-u p  Cost
1, Fencing $0 $10,000
2. Recreation Areas 
(0-2) $0 $20.000
T otal $0 $30,000
Fixed C ost/3  Month Period
1. Maintenance $0 $ 75
2 . L ife  Guards (2) $2,000 $ 2,000
3. H ealth Education $ 500 $ 1,000
4 . M iscellaneous $ 625 $ 1.000
T otal $3,125 $ 4,175
V ariable Cost $0 $0
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TABLE 5
ESTIMATED COSTS TO REDUCE ALTERNATE 
HOST POPULATION 50 PERCENT
Low
Start-UD Cost $0 $ 100
Fixed C ost/3  Month Period
1. Control Team (2 men) $4,000 $4,000
2. Equipment and Supplies 
(poison, tra p s , e t c . ) $ 100 $ 100
3. M iscellaneous $1.050 $1.100
T ota l $5,150 $5,200
V ariable Cost $0 $0
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in d iv id u a l programs were combined a p p ro p ria te ly  fo r o b ta in ing  co st 
e s tim ates  fo r  combined campaigns. Appendix A con ta ins Tables 6 
through 13 g iv ing  the high  and low co s ts  fo r  each program along 
w ith i t s  r e s u l ts  in  reducing the  le v e l o f human in fe c tio n  and the 
p o te n t ia l  fo r  in fe c tio n  as measured by the number o f c e rc a r ia e  per 
u n i t  volume of w ater. I t  a lso  con ta ins ta b le s  14 through 18 g iv ing  
program r e s u l ts  fo r  programs involving only one program a c t iv i ty .  
F igure 8 cong»ares each o f the  a l te rn a t iv e  programs a f t e r  ten  years 
o f o pera tion . Figure 8 allow s one to  v is u a liz e  the r e la t iv e  r e s u l ts  
o f each o f the programs and to  conpare the c o s ts  o f achieving  those 
r e s u l ts .  The p o s it io n s  o f the l e t t e r s  "A" th r o u ^  ”H" give the mid­
values o f the high and low program co s t fo r  each o f th e i r  re sp ec tiv e  
programs. The fig u re  allow s the  d ec is io n  maker to  see the  p o te n t ia l  
r e s u l ts  o f dec is ions befo re  they would be c a r r ie d  ou t a t  considerab le  
expense. I t  would s t i l l  be necessary  to  w e i^  the co s t o f  the  
d isease  to  the population  and the p o ss ib le  c o s t o f the c o n tro l p ro­
gram to the environment.
From Figure 8, i t  may be seen th a t  a l l  o f the programs 
proposed in  th is  study appear to  co st about the same. I f  t h i s  were 
indeed the case, one would then choose the program which reduced the 
d isease  a t  the f a s te s t  r a t e .  I t  should be noted th a t  w hile the  d a ta  
in  th is  re p o rt were estim ated  from a c tu a l d a ta , they do no t r e f l e c t  
the " tru e "  param eters a t  any s in g le  lo c a tio n . The r e s u l ts  have, 
however, been q u a l i ta t iv e ly  v e r if ie d  and a re  expected to  r e f l e c t  
c lo se ly  the  a c tu a l r e s u l t s .
a —Htanan trea tm en t; b - -S n a ll  c o n tro l; c --A lte rn a te  h o st c o n tro l;  d--Human exposure reduced
A -a ,b ,c ,d , D-a,b G -a,c
B -a ,b ,d
C -a ,b ,c
E -a ,c ,d
F -a ,d
H-a
1.5
1.0 - 
Cost g
(d o lla rs  x 10 )
100 600 700 800
In fec ted  Humans
o\
Figure 8 - Ten year program r e s u l ts  and c o s ts
CHAPTER VIII 
SUMMARY, CONCLUSIONS AND RECOMMENDATIONS
Based upon a study o f  the  n a tu ra l h is to ry  o f the d isease  
sch is to so m iasis , a d e te rm in is tic  m athem atical model was developed 
to  describe  the d isease  In  la rg e  popu lations w ith high r a te s  of 
In fe c tio n . The model was programmed on a d ig i t a l  computer In  o rder 
to  sim ulate the r e s u l t s  o f a l te rn a te  c o n tro l programs. The model 
was q u a l i ta t iv e ly  v a lid a te d  by sim ula ting  programs s im ila r  to  a c tu a l 
c o n tro l e f f o r t s  th a t  had been attem pted In the p a s t .  Having been 
v a lid a te d , the model was used to  narrow the choice o f a l te rn a t iv e  
programs fo r  c o n tro llin g  the d ise a se . Program co s ts  were Included 
as p a r t  o f the model In  o rder to  a s s i s t  In choosing among the a l t e r n ­
a tiv e  programs. Based upon the r e s u l ts  o f the sim ula tions performed 
using  estim ated  param eters from a c tu a l  p o pu la tions, the follow ing 
conclusions were drawn:
1) C ontrol o f the d isease  I s  extrem ely d i f f i c u l t ,  even 
Im possib le, w ith programs th a t  do not Include t r e a t ­
ment o f In fec ted  humans.
2) Control o f  the a l te rn a te  h o st popu lation  may no t lead 
to  red u c tio n s In  the  number of In fec ted  humans, b u t 
may a c tu a lly  cause an Increase  In the number o f In ­
fe c tio n s .
3) The most e f fe c t iv e  program re ly in g  on a s in g le  a c t iv i ty  
to  reduce human In fa c tlo n  was found to  be trea tm ent o f
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those In fec ted . The next most e f fe c t iv e  s in g le  t r e a t ­
ment program was one o f c o n tro l o f the  v e c to r  s n a i l .
4) Measures o f program e ffe c tiv e n e ss  should involve no t 
only  a measure o f the  number o f in fe c te d  humans bu t 
a lso  a measure o f the  p o te n t ia l  fo r  in fe c tio n  rem aining 
in  in fec ted  w ater.
5) The most e f fe c t iv e  programs involve mass trea tm en t of 
the  in fec ted  p o p u la tio n s.
6) Long a f te r  the d isease  may appear to  be e ra d ic a te d , 
th e re  remains a p o te n t ia l  fo r  i t s  re tu rn . H opefully, 
however, the s to c h a s tic  model developed by MacDonald (52) 
w i l l  be v a lid  and the d isease  w i l l  undergo a c a ta s tro p h ic  
d e c lin e .
7) I f  the chain  o f tran sm ission  i s  no t broken, the chance 
fo r  reestab lishm en t o f the d isease  from o u ts id e  a reas  
w i l l  remain h ig ^ , and i t  may be th a t  no iso la te d  attem pt 
to  e lim in a te  the  d isease  can ever succeed.
The f u l l e s t  use o f  the model w i l l  come when i t  has been 
used to  design a sch isto som iasis  c o n tro l program; i t  i s  recommended, 
th e re fo re , th a t  the model be te s te d  by use in  the a n a ly s is  o f p ro ­
posed programs. I t  i s  fu r th e r  recommended th a t  in te rn a t io n a l  programs 
be developed to  a tta c k  the d isease  w idely, thus reducing the p o te n t ia l  
fo r  reestab lishm en t o f the  d ise ase  from ou tside  sources. The use of 
m athem atical models to  " t r y  out" d isease  c o n tro l programs i s  h ig h ly  
d e s ira b le  and may r e s u l t  in  considerab le  c o s t savings and s ig n if ic a n t  
red u c tio n s of d isease  le v e ls  in  r e la t iv e ly  sh o rt tim es; th e re fo re , i t  
i s  recommended th a t  m athem atical modeling should be attem pted to  
provide in s ig h ts  in to  a l l  m ajor d isease  c o n tro l programs befo re  they 
a re  i n i t i a t e d .
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t a b l e 6
HUMAN TREATMENT ONLY
End o f 
Year
In fec ted
Humans
C ercarlae  Per 
U nit Volume
Cumulative Program Costs 
(Thousands o f  D o llars) 
Low H l ^
0 30500 10000 0 0
1 745 9116 83 342
2 757 7293 138 428
3 788 6914 193 514
4 792 6805 248 601
5 793 6772 304 688
6 793 6762 359 775
7 793 6559 414 862
8 793 6758 470 949
9 793 6758 525 1036
10 793 6758 580 1123
11 793 6758 635 1210
12 793 6758 691 1297
13 793 6758 745 1384
14 793 6758 801 1471
15 793 6758 856 1558
16 793 6758 911 1645
17 793 6758 966 1737
18 793 6758 1022 1819
19 793 6758 1077 1906
20 793 6758 1132 1993
a,Treatment o f 70 percen t o f In fec ted  humans every th ree  months.
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TABLE 7
HUMAN TREAIMENT AND ALTERNATE HOST CONTROL
End o f 
Year
In fec ted
Humans
C ercarlae  Per 
U nit Volume
Cumulative Program Costs 
(Thousands o f D o llars) 
Low High
0 30500 10000 0 0
1 1019 7145 104 897
2 813 4234 129 936
3 781 3585 148 972
4 766 3362 158 1014
5 759 3272 177 1058
6 755 3235 195 1092
7 754 3218 215 1131
8 753 3211 234 1170
9 753 3208 253 1208
10 753 3207 272 1248
11 752 3206 291 1287
12 752 3206 312 1325
13 752 3206 329 1363
14 752 3206 348 1401
15 752 3206 363 1438
16 752 3206 386 1476
17 752 3206 405 1514
18 752 3206 423 1552
19 752 3206 443 1591
20 752 3206 462 1630
Treatment o f  70 percent o f  Infected humans every three months, re­
duction o f  a ltern ate  host population by 50 percent.
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TABLE 8
HUMAN TREATMENT AND SNAIL CONTROLa
End of 
Year
Infected
Humans
Cercariae Per 
Unit Volume
Cumulative Program Costs 
(Thousands o f Dollars) 
Low High
0 30500 10000 0 0
1 292 912 101 863
2 97 615 119 907
3 90 487 137 946
4 81 416 154 982
5 73 370 172 1018
6 67 339 190 1053
7 62 316 207 1089
8 59 299 225 1125
9 56 286 243 1160
10 54 275 260 1196
11 52 267 278 1232
12 51 261 296 1267
13 50 256 313 1303
14 49 251 331 1339
15 48 248 359 1374
16 48 245 376 1409
17 47 243 394 1445
18 47 241 412 1481
19 47 239 429 1516
20 46 238 447 1552
aTreatment of 70 percent o f  Infected humans every three months, reduc­
tion  o f  sn a il population by 90 percent.
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TABLE 9
HUMAN TREATMENT AND EXPOSURE CONTROLa
End of 
Year
Infected
Humans
Cercarlae Per 
Unit Volume
Cumulative Program Costs 
(Thousands o f Dollars) 
Low High
0 30500 10000 0 0
1 347 8917 95 859
2 115 7157 114 899
3 108 6747 131 939
4 106 6624 148 980
5 105 6586 164 1018
6 105 6573 181 1056
7 105 6569 199 1095
8 105 6568 215 1133
9 105 6568 231 1172
10 105 6568 248 1210
11 105 6568 264 1249
12 105 6568 280 1289
13 105 6568 297 1327
14 105 6568 313 1365
15 105 6568 340 1403
16 105 6568 356 1442
17 105 6568 374 1480
18 105 6568 390 1518
19 105 6568 418 1557
20 105 6568 436 1596
Treatment of 70 percent o f Infected humans every three months,
reduction o f human exposure by 50 percent.
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TABLE 10
HUMAN TREATMENT, ALTERNATE HOST CONTROL
AND SNAIL CONTROL®
End of 
Year
Infected
Humans
Cercarlae Per 
Unit Volume
Cumulative Program Costs 
(Thousands o f Dollars) 
Low High
0 30500 10000 0 0
1 334 714 122 1024
2 115 355 148 1075
3 91 248 172 1120
4 74 195 195 1164
5 62 160 219 1208
6 53 153 243 1251
7 45 116 266 1295
8 40 102 289 1339
9 35 90 311 1382
10 31 81 334 1426
11 28 73 357 1470
12 26 66 380 1514
13 23 61 402 1557
14 22 56 425 1601
15 20 52 448 1645
16 18 48 470 1688
17 17 45 493 1732
18 16 42 516 1776
19 15 39 538 1819
20 14 36 561 1863
a,Treatment o f  70 percent o f Infected humans every three months, re­
duction o f  a lternate host population by 50 percent, reduction o f
sn a il population by 90 percent.
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TABLE 11
HUMAN TREATMENT, ALTERNATE HOST CONTROL
AND EXPOSURE CONTROL
End of 
Year
In fec ted
Humans
C ercarlae  Per 
U nit Volume
Cumulative Program Costs 
(Thousands o f D ollars) 
Low High
0 30500 10000 0 0
1 417 6943 116 1020
2 132 4048 139 1071
3 109 3391 161 1119
4 101 3164 183 1165
5 98 3073 204 1212
6 97 3034 226 1258
7 96 3017 248 1304
8 96 3010 270 1351
9 96 3006 291 1397
10 96 3005 313 1442
11 96 3004 335 1488
12 96 3004 356 1534
13 96 3004 378 1579
14 96 3004 400 1625
15 96 3004 422 1671
16 96 3004 443 1717
17 96 3004 465 1762
18 96 3004 487 1809
19 96 3004 509 1855
20 96 3004 531 1901
treatm ent o f 70 percent o f Infected humans every three months, re­
duction o f a lternate host population by 50 percent, reduction o f
human exposure by 50 percent
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TABLE 12
HUMAN TREAIMENT, SNAIL CONTROL
AND EXPOSURE CONTROL
End of 
Year
In fec ted
Humans
C ercariae  Per 
U nit Volume
Cumulative Program Costs 
(Thousands o f D ollars) 
Low High
0 30500 10000 0 0
1 246 891 114 990
2 13 609 136 1020
3 9 485 157 1067
4 7 415 178 1105
5 6 370 199 1143
6 6 339 219 1182
7 5 317 240 1220
8 5 300 261 1258
9 5 288 282 1296
10 5 278 302 1335
11 4 270 323 1373
12 4 264 344 1411
13 4 259 365 1449
14 4 255 385 1488
15 4 252 406 1527
16 4 249 427 1565
17 4 247 447 1603
18 4 245 468 1641
19 4 243 489 1680
20 4 242 510 1718
aTreatment o f 70 percent o f infected humans every three months, re­
duction o f sn a il population by 90 percent, reduction of human
exposure by 50 percent.
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TABLE 13
HUMAN TREATMENT, ALTERNATE HOST CONTROL,
SNAIL CONTROL AND EXPOSURE CONTROL^
End of 
Year
In fec ted
Humans
C ercarlae  Per 
U nit Volume
Cumulative
(Thousands
Low
Program Costs 
o f D ollars) 
High
0 30500 10000 0 0
1 258 694 134 1150
2 16 349 160 1201
3 9 245 186 1245
4 7 193 211 1288
5 6 159 237 1332
6 5 135 262 1375
7 4 117 288 1419
8 3 103 313 1462
9 3 92 338 1506
10 3 82 364 1549
11 2 75 389 1593
12 2 68 415 1636
13 2 63 440 1680
14 2 58 465 1723
15 1 54 491 1767
16 1 50 516 1810
17 1 47 542 1854
18 1 44 567 1897
19 1 41 593 1941
20 1 39 618 1984
Treatment of 70 percen t o f In fec ted  humans every th ree  months, r e ­
duction  of a lte rn a te  h o st popu lations by 50 p e rcen t, reduc tion  o f 
s n a il  p opu la tion  by 90 p e rc en t, reduction  o f human exposure by 50 
p e rcen t.
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TABLE 14
SEWAGE TREAIMENT ELIMINATING 100 PERCENT OF
MIRACIDIA FROM HOMAN WASTE
End of 
Year
Infected
Humans
Cercarlae Per 
Unit Volume
0 30500 10000
1 30480 7980
2 30341 6923
3 30186 6642
4 30033 6556
5 29889 6528
6 29754 6520
7 29627 6517
8 29507 6516
9 29396 6516
10 29291 6516
11 29193 6515
12 29101 6515
13 29015 6515
14 28934 6515
15 28859 6515
16 28788 6515
17 28722 6515
18 28660 6515
19 28602 6515
20 28548 6515
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TABLE 15
ELIMINATION OF 99.9 PERCENT OF SNAIL POPULATION 
EVERY THREE MONTHS—100 PERCENT CONTROL
End of 
Year
In fec ted
Humans
C ercarlae  Per 
U nit Volume
0 30500 10000
1 30274 523
2 29685 9
3 29094 0
4 28515 0
5 27947 0
6 27390 0
7 26845 0
8 26310 0
9 25786 0
10 25273 0
11 24769 0
12 24276 0
13 23792 0
14 23318 0
15 22854 0
16 22399 0
17 21953 0
18 21516 0
19 21087 0
20 20667 0
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TABLE 16
ELIMINATION OF ALTERNATE HOST POPULATION
End of 
Year
In fec ted
Humans
C ercarlae  Per 
U nit Volume
0 30500 10000
1 33222 7740
2 34249 4792
3 35139 4394
4 35916 4373
5 36585 4415
6 37160 4463
7 37653 4506
8 38077 4544
9 38440 4576
10 38753 4604
11 39021 4628
12 39252 4649
13 39451 4667
14 39622 4682
15 39770 4695
16 39897 4707
17 40006 4717
18 40100 4725
19 40181 4732
20 40252 4739
^Elimination of 99.9 percent o f a ltern ate  host population every three
months—100 percent control o f a ltern ate  host.
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TABLE 17
TREATMENT OF 99 PERCENT OF INFECTED HUMANS
EVERY THREE MONTHS
End of 
Year
In fec ted
Humans
C ercarlae  Per 
Unit Volume
0 30500 10000
I 482 8749
2 548 7180
3 561 6842
4 563 6742
5 563 6712
6 563 6702
7 563 6699
8 563 6698
9 563 6698
10 563 6698
11 563 6698
12 563 6698
13 563 6698
14 563 6698
15 563 6698
16 563 6698
17 563 6698
18 563 6698
19 563 6698
20 563 6698
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TABLE 18
REDBCTIW OF HOMAN EXPOSURE BY 90 PERCENT
End o f  
Year
Infected
Humans
Cercarlae Per 
Unit Volume
0 30500 10000
1 30166 9819
2 29590 8958
3 29008 8519
4 28436 8337
5 27875 8255
6 27325 8208
7 26788 8172
8 26260 8140
9 25744 8110
10 25237 8080
11 24742 8051
12 24256 8023
13 23781 7995
14 23315 7967
15 22859 7941
16 22412 7914
17 21975 7889
18 21546 7863
19 21126 7838
20 20714 7814
